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There are many documented environmental benefits to concentrating populations 
in cities.	  However, the impermeable nature of modern urban landscapes, which has been 
created by roads, buildings, and paved public spaces, has altered the natural cycle of 
water through today’s cities. As a result, a greater fraction of rainfall becomes runoff, 
creating stormwater pollution that degrades the very host environments needed to support 
city living. One attractive approach to urban stormwater management is the use of 
engineered and non-engineered vegetative systems to reduce the amount of rainfall that 
becomes runoff. When one considers the vast number of vegetative systems needed to 
bring about significant change, along with the variety of environmental niches in the 
urban landscape, it is clear that an array of “greening” strategies are needed. In turn, 
accurate performance data and models of these strategies are necessary to appropriately 
inform design and policy decisions. The research presented in this dissertation focuses on 
advancing the understanding, modeling, and design of three types of vegetated 
infrastructure with potential to address urban stormwater challenges: extensive green 
roofs, street trees, and vine canopies. 
The first research focus examines a nuance to a well-developed and well-studied 
technology: the extensive green roof. Nearly four years of environmental and runoff 
monitoring data from two full-scale extensive green roofs are used to determine how the 
	  
time of year impacts hydrologic performance while considering the covariates of 
antecedent dry weather period, potential evapotranspiration and storm event size. 
Comparisons are made between thick and thin extensive green roof systems, and novel 
models are presented which account for seasonal variability.  
The second research focus evaluates the absorptive capacity of an existing type of 
urban vegetation: the street tree. In particular, this work looks at the permeability and 
infiltration capacity of the tree pit’s soil surface, which is often a controlling factor in the 
hydrologic performance of street trees. The resulting model links physical features of the 
tree pit to its ability to absorb water. Furthermore, the results indicate two simple, low-
cost management strategies to improve urban stormwater capture via street trees. 
The third research focus explores the stormwater management potential for a new 
type of vegetated infrastructure: the horizontal vine canopy. Hydrologic performance data 
from sixteen vine canopies grown on a New York City rooftop are used to determine the 
capacity of the vines to retain stormwater, return water to the atmosphere via 
transpiration, and grow in the harsh rooftop conditions.  Models and coefficients 
describing stormwater capture and plant transpiration are then presented and used to 
estimate the potential capacity of vine canopies to contribute to urban stormwater 
management. 
Exploration into new forms of vegetated infrastructure and facets of existing 
urban vegetation through the perspective of stormwater management has resulted in 
valuable findings and experimental methodologies. In several instances, these studies 
required new measuring equipment or sampling procedures, which were developed, 
validated, and made available for future research.  
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The environmental benefits of living in cities are numerous and well studied. Waste is 
concentrated and potentially easier to manage, many resources are shared, and general 
compactness results in the average city dweller having a smaller carbon footprint than 
their non-urban counterpart (Dodman 2009). Yet, the hardscape, energy consumption and 
antiquated infrastructure of many cities contribute to environmental problems that must 
be addressed for cities to provide a sustainable, high-quality life. 
 In particular, the impermeable landscape of roads, buildings, and paved public 
spaces contribute to a transformed hydrologic behavior; rainfall that was once was held 
where it fell now becomes runoff that is rapidly conveyed to natural water bodies, as 
shown in Figure 1-1. This problem is compounded by the use of combined sewer systems 
(CSS), where one system is tasked with conveying human waste as well as stormwater. In 
rain events as little as 3mm (Montalto et al 2007) the flow in the CSS can overwhelm the 
treatment plants, forcing sewage to be directly discharged into local waterways in an 
event known as a combined sewer overflow (CSO). 772 cities in the United States 
primarily use CSS (US EPA 2004), and in New York City alone CSOs account for 




Figure 1-1 Shift in Hydrologic Behavior due to Urbanization, adapted from United States EPA (2003) 
One way of addressing the issue of CSO is with green infrastructure, a distributed 
network of natural systems that aims to return the hydrologic response of the urban 
environment to pre-development conditions. The state of practice broadly includes using 
green roofs, bioswales, curb cuts, rainwater harvesting, street trees, and pervious paving 
(Luoni and Matlock 2010) to retain, infiltrate, and detain stormwater. In order to achieve 
the ubiquity of interventions needed to change city-scale hydrologic behavior, two major 
research challenges are presented. First, it is important to identify new niches for 
vegetated infrastructure and ways to optimize existing urban vegetation, as the urban 
framework is difficult to significantly retrofit (Getter and Rowe 2006). Second, 
individual interventions need to be accurately modeled to inform appropriate design and 
policy decisions.  
Through the exploration of three types of urban vegetation (green roofs, street 
trees, and vine canopies), the research reported in this thesis seeks to advance hydrologic 
modeling, identify best management practices, and contribute to the range of potential 





1.1.1 Extensive Green Roofs  
Green roofs are broadly defined as systems that incorporate vegetation and 
growing medium atop a roof. Systems with deep substrate (categorized as intensive) can 
be similar to gardens or parks with deep-rooted vegetation ranging from grasses to trees. 
While there is a great deal of freedom in their architectural and hydrologic design, the 
associated maintenance requirements, structural loading, and cost of intensive systems 
are often prohibitive.  
In contrast, extensive green roofs are designed with a thin substrate and 
vegetation limited generally to moss, grass, and sedums, resulting in lightweight, low-
maintenance, and drought-resistant ecological landscapes. These performance features 
have lead to an increased popularity in extensive systems which, since their introduction 
as green infrastructure in the 1960’s, have become widely used and studied (Magill et al 
2011). In Germany, where the modern extensive system was developed, it was estimated 
that 14% of all flat roofs were green (Getter and Rowe 2006). The introduction in the 
United States has been more recent, with their application becoming popular in the last 
few decades (Dunnett and Kingsbury 2008).  
 Research has confirmed the ability of extensive systems to improve building 
thermal performance, sound insulation, air quality, and reduce surface water runoff 
(Getter and Rowe 2006). Their ability to retain storm water has been shown to change 
with climate, storm size, planting type, and season (Voyde et al 2010; Lundholm et al 
2010; Mentens et al 2006). The line of research presented in this manuscript focuses on 
better quantifying the seasonal variation of extensive green roof hydrologic behavior via 
4	  
the analysis of multiple years of monitoring data as well as the development of new 
models. 
 
1.1.2 Street Trees 
Historically, trees have often been planted in the built environment to provide 
shade and improve aesthetics. For instance, the allée of trees laid out in 1661 beautifully 
lines the Pall Mall leading to Buckingham Palace in London, England and the tree-lined 
boulevards implemented in 1715 famously encircle the capital of Paris, France (Lees and 
Lees 2008). In the United States, legislation in 1870 promoted the use of “shade trees” 
along streets in Washington, DC, with over 70,000 trees planted by the first decade (The 
Legislative Assembly of the District of Columbia 1872). In 1916, New York City 
followed suit with the design text titled, “A Street Tree System for New York City, 
Borough of Manhattan” (Cox 1916). In the later half of the 19th century, many street trees 
were removed to make place for increased automobile parking, nevertheless, trees had 
already become an integral part of the modern urban environment.  
 In more recent times, the environmental, economic, and social benefits of street 
trees have been the subject of research. They have been shown to reduce crime, increase 
property values, provide habitat for wildlife, mitigate the urban heat island effect, 
improve air quality, help buildings conserve energy and improve stormwater performance 
(Mullaney et al 2015). Most research on stormwater performance has focused on their 
ability to intercept stormwater.  However, little research has been performed on the 
ability of the tree pit’s ground surface to manage stormwater.  As street trees provide 
pervasive openings in the impermeable urban surface, this work seeks to further our 
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understanding of the ability of the tree pit surface to infiltrate water, and thus capture 
stormwater locally. 
 
1.1.3 Vine Canopies 
Similar to street trees, vine canopies have been long standing features of the built 
environment, although they are far less common. Famous examples include the vegetated 
archway at Hampton Court in London, England and the expansive Wisteria canopy at the 
Ashikaga Flower Park in Tochigi Prefecture, Japan dating back to 1870. In New York 
City, a 20-year old Wisteria canopy in the Rudin Family Playground provides shade for 
visitors to Central Park. The flexibility of vines to take the structure they are given has 
led to their widespread architectural use in pergolas, arbors, and trellises.  
 Aside from their aesthetic properties, recent research has shown vines to reduce 
cooling energy loads in buildings (Pérez et al 2014), air pollution (Litschke et al 2008; 
Pugh et al 2012), noise (Ismail 2013; Van Renterghem et al 2013) and stormwater runoff 
(Schumann et al 2007; Connelly et al 2012), as well as provide habitat (Madre et al 
2015). However, nearly all this research has been done on the use of vines in vertical 
orientation. The research presented in this thesis seeks to advance the use of vines in 
stormwater management by developing a better understanding of their behavior as 






1.2 Research Questions and Dissertation Format 
Recognizing the limitations in our understanding of vegetated infrastructure, the 
thesis research overall aims to help support a more informed integration of urban 
vegetation for stormwater management. This dissertation takes a three-paper structure, 
offering studies in three different types of vegetated infrastructure, as outlined in Figure 
1-2. As each type of infrastructure differs in the niche it occupies, its level of 
implementation, and the maturity of our understanding, the research questions and 
potential for improvement vary accordingly.  
In addition to presenting experimental data, Chapters 2, 3 and 4 offer hydrologic 
models related to the stormwater retention of three vegetative infrastructure types. 
Developing hydrologic models of these natural processes allows them to be leveraged in 
a more deterministic way for both planning and design. As it applies to planning, accurate 
models of the individual systems can be used to intelligently plan an overall distributed 
network, thus supporting cost-efficient and effective policy. As it applies to design, the 
functional behavior of these non-engineered processes once quantified, can be used to 




Figure 1-2 The dissertation structure presented as an overview of the vegetated infrastructure types, 
associated development, and research questions 
In Chapter 2, the research seeks to extend our knowledge of the well-studied 
extensive green roof system, focusing on how its performance changes with season. Here, 
the impacts of climatic factors on seasonal performance are individually examined and 
the accuracy of an existing empirical relationship is improved using seasonal factors and 
Julian day in separate analyses.  In Chapter 3, I focus on street trees, which are the most 
ubiquitous form of dispersed urban vegetation and, unlike green roofs, were not initially 
designed for stormwater management. This has resulted in a wide range of physical 
design features and varying efficacy in stormwater reduction. Here, I present and evaluate 
a model that links the physical features of the tree pit to its infiltration capacity, and offer 
simple solutions that could lead to large gains in performance. In Chapter 4, I explore the 
possibility of vine canopies as a new type of green infrastructure. Through the lens of 
storm water management, I parameterize their performance in terms of leaf area index, 
interception, and evapotranspiration.  In Chapter 5, I consider the significance of the 
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findings and their contributions. The dissertation concludes with Chapter 6, where I 
discuss possible avenues of future research, focusing on potential further steps to build a 
smarter network of vegetated infrastructure. Referenced sources are available at the end 
of the manuscript. 
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Chapter 2  
	  
Green Roof Seasonal Variation: Hydrologic Behavior of 
Thick and Thin Extensive Systems in New York City	  
 	  
Abstract. Green roofs have been identified as a widely applicable type of green infrastructure for 
urban stormwater management due to their ability to locally capture rainwater. Studies of the most 
common type, extensive green roofs, have demonstrated that green roofs can retain significant 
amounts of stormwater, but have also shown variation in seasonal performance. The purpose of 
this study is to determine how time of year impacts the hydrologic performance of extensive green 
roofs considering the covariates of antecedent dry weather period (ADWP), potential 
evapotranspiration (ET0) and storm event size. To do this, nearly four years of monitoring data 
from two full-scale extensive green roofs (one 100 mm deep and one 31 mm deep) are analyzed. 
The annual performance is then modeled using a common empirical relationship between rainfall 
and green roof runoff, with the addition of Julian day in one model and ADWP, and ET0 in 
another. Both the monitoring and modeling results confirm that stormwater retention is highest in 
warmer months, the green roofs retain more rainfall with longer ADWPs, and the seasonal 
variations in behavior are more pronounced for the thinner roof than the thicker roof. Additionally, 
the ability of seasonal accounting to improve stormwater retention modeling is demonstrated; 
modification of the empirical model to include ADWP, and ET0 improves the model R2 from 0.944 
to 0.975 for the thinner roof and from 0.866 to 0.870 for the thicker roof. A comparison of the 
results from the empirical modeling to the results from a water balance model reveal the empirical 
approach to be more accurate than the water balance approach. This finding is attributed to the 







Practitioners, policymakers, and researchers have been investigating the use of 
distributed green infrastructure to capture rainfall locally to reduce the damaging 
environmental effects of excess stormwater runoff (US EPA 2004). One significant 
opportunity for green infrastructure implementation is on rooftops, which are often 
unused and account for approximately 40-50% of the impermeable urban surface (Stovin 
et al 2012). Many cities, including New York City, have set benchmarks for local 
stormwater capture and are incentivizing the retrofit of existing buildings with 
lightweight, extensive green roofs (Carter and Fowler 2008; NYC Department of 
Buildings 2008). Extensive green roofs require minimal maintenance and consist of 
several layers, including a vegetation layer (most often in the genus Sedum), a 30 – 150 
mm thick substrate layer, and a drainage course.  
 The hydrologic performance of an extensive green roof depends on the amount of 
stormwater it can retain and, in turn, its ability to release stored water between rain 
events. The amount of stormwater that is held at any given time has been shown to 
change with climate, storm size, vegetation type, and season (Voyde et al 2010; 
Lundholm et al 2010; Mentens et al 2006). Green roof hydrological performance is 
usually assessed as the percent of rainfall captured over a defined period, and can be 
fairly well predicted using a number of approaches, summarized as: empirical 
relationships between rainfall and runoff derived from field observations, referred to here 
as Characteristic Runoff Equations (CREs) (Schroll et al 2011; Mentens et al 2006) or 
curve numbers (Carter and Rasmussen 2006; Carter and Jackson 2007), process-based 
water balance models (Zhang and Guo 2013; Berthier et al 2011; Vanuytrecht et al 
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2014), and software such as SWMM (Burszta-Adamiak and Mrowiec 2013; Khader and 
Montalto 2008) and HYDRUS 1-D (Hilten et al 2008). Empirical relationships between 
rainfall and runoff have the advantage of being well-calibrated and simple to use. 
However, such relationships are unable to capture changes in stormwater performance 
that vary with climate, vegetation type and season. Water balance models and software 
solutions offer greater predictive capacity, including the ability to account for climatic 
conditions that lead up to each individual rainfall event. Nonetheless, these models are 
more complicated to implement and require parameters that are often difficult to 
measure, such as leaf area index (LAI), plant wilting point, and roof depression storage 
(Carson et al 2014).	  
Green roof stormwater retention performance has been observed to be consistently 
higher in the warmer months of the year (Mentens et al 2006), largely accounted for by 
higher potential evapotranspiration (ET0) (Marasco et al 2014). This variability is 
commonly presented in discrete time periods, often corresponding to seasons. A 
summary of performance variability reported in prior studies that were undertaken in the 
northern hemisphere on extensive Sedum roofs is provided in Table 2-1, where the 
greatest percent retention in each study is given the darkest shade of red. Despite 
spanning many different climates within the northern hemisphere, general trends are 






Table 2-1 Stormwater retention by season expressed in percent of rainfall retained as reported by 
Stovin et al (2012), Uhl & Schiedt (2008), Kaufmann (1999), Liesecke (2002), and Carson et al (2013)  
Study	   Stovin	  et	  al	  
(2012)	  






Carson	  et	  al	  
(2013)	  








New	  York	  City,	  
U.S.A.	  
#	  of	  Months	   29	   24	   48	   48	   12	   12	   10	  
#	  of	  Roofs	   1	   2	   4	   3	   2	   8	   10	   1	   1	   1	  











76%	   57%	   58%	   62%	   72%	  
20%	  
49%	  





52%	   73%	   71%	   76%	   83%	   70%	   43%	   72%	  July	  
Aug	  
Sept	  






6%	   46%	   46%	   53%	   59%	   28%	   43%	   52%	  Jan	  
Feb	  
  
While the studies reported in Table 2-1, and others, clearly show a seasonal trend 
in green roof hydrologic performance, detailed understanding of the primary factors 
driving the seasonal influence remains lacking.  Most investigators include the caveat that 
the seasonal trends they observe might be masked by the influence of storm event size 
distribution and the length of antecedent dry weather periods (ADWPs) within each 
season of their study period (Carson, 2013; Stovin, 2012; Wong & Jim, 2014). These 
confounding variables have been individually examined, with Carson et al (2013) finding 
the seasonal effect to be strongest in storms from 10 mm to 20 mm in depth, and Poë et al 
(2015) finding the seasonal impact on storage created by ET to be more apparent in 
events with shorter ADWPs. However, Wong & Jim (2014) were unable to find a 
significant link between storm water retention and ADWP.   
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The purpose of this study is to improve understanding of the factors that 
contribute to seasonable variability of extensive green roof hydrological performance by 
(1) providing a context for how ADWP, storm size, and ET0 relate individually to 
performance, and (2) using these variables in adaptive empirical models to determine the 
significance of their combined effect. To do this, rainfall, runoff, and environmental data 
were collected over a period of nearly four-years from two full-scale extensive Sedum 
green roofs located in New York City, one 31 mm deep and the other 100 mm deep. The 
data were used to identify 503 individual storm events for which event size, rainfall 
capture, ET0, and ADWP were determined. 
2.2 Methods 
2.2.1 Green Roof Sites and Instrumentation 
 Monitoring took place on two extensive green roofs in Manhattan, New York 
referred to herein as W118 and USPS.  W118 is a Columbia University residence located 
at 423 West 118th Street (40°48'28",-73°57'34") that was outfitted with a Xero Flor 
America XF301 + 2FL vegetated mat in 2007 (Carson et al 2013). The roof is 
approximately 65 m above mean sea level and has an area of 600 m2. The extensive 
system is populated with sedum plants and is relatively thin with a substrate depth of 32 
mm (Marasco et al 2014).  
 The other monitoring site, termed USPS, is atop the US Post Office’s Morgan 
Processing and Distribution Center (40°45'2",-73°59'55") where a built-in-place 
extensive system was installed in 2009. The roof is approximately 45 m above mean sea 
level and has an area of 10,000 m2. The relatively deep substrate (100 mm, with berms 
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reaching 200 mm) is primarily planted with sedum but also includes native grasses on the 
deeper berms (Marasco et al 2014). 
 Each roof has an Onset Hobo U30 weather station that is instrumented to measure 
environmental conditions in addition to the water entering the drains and gutters, referred 
to as runoff. Environmental conditions on each roof are monitored with a THB-M002 2-
bit air temperature/relative humidity sensor, an LIB-M003 solar radiation sensor, an S-
WCA-M003 wind speed sensor, an S-SMC-M005 EC-5 soil moisture sensor, and an S-
RGB-M002 tipping bucket rain gauge. Runoff is measured with custom built and 
calibrated in-drain V-notch weirs, which continuously measure the flow rate into the 
drain from watershed areas of 310 m2 and 390 m2, for W118 and USPS, respectively 
(Carson et al 2013). A full description of the instrumentation set-up, calibration and 
monitoring protocols are provided in Culligan et al (2014). 
2.2.2 Monitoring Data  
 The continuous runoff monitoring data is processed into discrete storm events 
using the common criteria that individual storms must be separated by a period of 6-hours 
with no rainfall or, in this case, runoff (Washington State Department of Ecology 2008; 
Technology Acceptance and Reciprocity Partnership 2001). Once storms are discretized, 
events that are considered unsuitable for analysis are removed. The following are 
considered unsuitable events and make a storm unusable for analysis: (1) The peak runoff 
rate exceeds the limit of the monitoring device. (2) Precipitation is in the form of snow or 
the air temperature is below freezing. (3) The cumulative rainfall is less then the runoff. 
(4) Power to the ultrasonic sensor is interrupted. Further details on the instrumentation, 
parsing, and quality of the monitoring data are available in Carson et al (2013).  
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The data record for W118 runs from 6/29/2011 to 4/7/2015, with 256 usable 
storms, while the data record for USPS runs from 6/17/2011 to 4/15/2015 with 247 
usable storms, Table 2-2. The procedure for maintaining data quality results in a 
generally lower number of usable winter events, due to snow, freezing air temperature 
and cold weather related equipment failures.  
Table 2-2 Summary of storm events in winter (Dec–Feb), spring (Mar–May), summer (Jun–Aug), 
and fall (Sep–Nov) considered suitable for analysis  
	  
Event	  Size	  (mm)	   Spring	  Events	  (#)	   Summer	  Events	  (#)	   Fall	  Events	  (#)	   Winter	  Events	  (#)	  
W
11
8	   0-­‐10	   37	   56	   53	   26	  
10-­‐20	   10	   15	   4	   6	  
20-­‐40	   10	   11	   7	   5	  
40+	   5	   1	   6	   4	  
U
SP
S	   0-­‐10	   51	   30	   44	   36	  
10-­‐20	   10	   8	   8	   13	  
20-­‐40	   9	   8	   6	   9	  
40+	   3	   3	   5	   4	  
 
The storm event size, runoff depth, ADWP and ET0 are determined for each 
suitable event. Event size (Rf) is the total depth of rain per unit rooftop area and is 
determined from the tipping bucket data. Runoff (Ro) depth is the height of runoff 
generated per unit rooftop area per storm and is calculated using 5-minute flow rate data 
from the weirs. The ADWP is taken to be the dry period leading up to the rain event as 
recorded by the tipping bucket, given in days. To capture the variation in the potential of 
the system to expel water, the potential or reference evapotranspiration (ET0) is calculated 
using the well-documented Hargreaves and Samani equation (Hargreaves et al 1985): 
𝐸𝑇! = 0.0022 ∗ RA ∗ TC− 17.8 ∗   TD!.!      [2-1] 
where ET0 is the reference ET (mm/day), RA is extraterrestrial radiation (mm equivalent 
per day) calculated using the day of year and location latitude as described in Allen et al 
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(1998) , TC is average daily temperature (°C), and TD is the daily temperature range 
(°C). TC and TD are obtained from Belvedere Castle weather station in Central Park, 
NYC, which is maintained by the NOAA National Climatic Data Center (ncdc.noaa.gov). 
2.2.3 Historical Context of Monitoring Period  
 In order better understand the context of the climate conditions under which this 
study occurred, the data from the study period is compared to historical data for storm 
size, antecedent dry weather (ADWP), and potential evapotranspiration (ET0). The 
historic data was obtained from the Belvedere Castle weather station in Central Park, 
NYC, for a 40-year period spanning from 1971-2010. The occurrence of each variable 
was observed by month, using box plots to compare the median values observed in the 
study period to the minimum, first quartile, median, third quartile, and maximum values 
observed in the historical period.  
2.2.4 Comparative Modeling Approach 
The significance of Rf, ET0, and ADWP in predicting runoff depth, Ro, is explored 
using a comparative modeling approach where predicted Ro is compared with observed 
values of Ro for four different models. The first (base) model is the empirical 
Characteristic Runoff Equation (CRE), derived from observations between Rf and Ro for 
each green roof. CREs have been used by many investigators (Stovin et al 2012; Mentens 
et al 2006; Fassman-Beck et al 2013; Carson et al 2013; Schroll et al 2011) to predict 
green roof performance. Following Carson et al 2013, this study uses a quadratic form of 
the CRE, namely: 
Ro = C1Rf 2 + C2Rf + C3          [2-2] 
where C1, C2, and C3, are empirical fitting coefficients.  
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For the second model, the CRE is modified to include Julian Day (JD), via: 
Ro = C1Rf 2 + C2Rf + C3 + f(JD)       [2-3] 
Julian Day embodies many of the climatic factors controlling seasonal runoff 
performance, and is thus a simple means of capturing green roof performance variability 
for a particular climate region.  To determine f(JD), a genetic programing (GP) symbolic 
regression algorithm (Schmidt and Lipson 2009) is used. The GP algorithm generates a 
population of models and uses stochastic methods to “evolve” models according to a set 
of rules (Koza 1992), resulting in equations that best fit the data (as defined by R2) at 
several levels of complexity.  
For the third model, the CRE is modified to include ET0, ADWP, Rf, and their 
combinations, as described by:  
Ro= C1Rf 2 + C2Rf + C3 + f(ET0) + f(ET0,ADWP) + f(ET0,Rf)     [2-4] 
 Again, the genetic programing (GP) symbolic regression algorithm (Schmidt and 
Lipson 2009) is used to determine the form of the model functions, f.  Equation [2-4] 
allows the modified CRE to reflect overall seasonal change, f(ET0), seasonal change with 
storm size, f(ET0,Rf), and seasonal change with the antecedent dry period, f(ET0,ADWP). 
For the fourth model, a simplified reservoir equation (SRE) is evaluated, taking the 
form: 
Ro = max(0, Rf - max(Kc*AWDP*ETo, Smax))      [2-5] 
where Kc is the a crop coefficient, a unit-less coefficient that accounts for a plants’ ability 
to dispel water and Smax is the green roof’s maximum available water storage in mm.  
In Equation [2-5], Ro is predicted as Rf minus the available storage in the 
substrate, unless the available storage is larger then the rainfall - in which case no runoff 
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is generated. The available storage, limited to Smax, is estimated using the product of the 
dry period before the storm (ADWP in days), the potential evapotranspiration (ETo in 
mm/day), and the crop coefficient (Kc). For both of the roofs that are the subject of this 
study, Kc and Smax are determined by a best fit of predicted Ro to observed Ro.  
 The accuracy of each model is quantified using recommended statistics for 
hydrologic model performance; namely, the Nash–Sutcliffe efficiency index (NSE), root 
mean square error (RMSE) to the standard deviation of measured data (RSR), and percent 
bias (PBIAS) (Moriasi et al 2007; Hakimdavar et al 2014). The NSE index ranges 
between 1 and -1, where 1 represents perfect equivalency and negative values indicate the 
model is less accurate than the mean value of the observed values (Nash and Sutcliffe 
1970). RSR ranges from 0 to a large positive value, where a low value represents a lower 
RMSE, and better model performance. The magnitude of PBIAS represents how biased 
the model is, with a positive value representing over-prediction and a negative value 
representing under-prediction. According to Moriasi et al (2007), a watershed model is 
satisfactory if NSE>0.5, RSR≤ 0.7 and PBIAS is within ±25%.  
 
2.3 Results and Discussion 
2.3.1 Historical Context of Monitoring Period  
 Figure 2-1 presents storm size, ET0, and ADWP data, respectively, with boxplots 
showing the historical range for the years 1971-2010, and points showing the median 
values for the study period. For all climatic factors, the observed study period medians 
generally fall within the range of the 1st and 3rd quartile of historical data, which is 
considered acceptable for the purpose of generalizing some of the results of this study. 
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Figure 2-1 Storm size [A], ADWP  [B] and Potential evapotranspiration [C] distribution for the study 
period compared to historical records 
 As seen in Figure 2-1A, there is not a strong correlation between storm size and 
month of the year in NYC, although the median storm size is slightly lower in the spring 
and summer months than other times of the year. An exceptional deviation in storm size 
between monitoring period trends and the historical data is noted in February. This 
deviation is explained by the event suitability criteria used for the monitoring period, 
which involved ignoring storms with snow or freezing air conditions. 
 Figure 2-1B reveals the typical antecedent dry weather period to be shorter in the 
spring and summer months for both the historical data and the study period. The median 
ADWP for the study period is greater than the historical median for every month except 
July. This bias is likely due either to the methods used to separate storms; the historical 
data required a 6 hour inter-event period with only no rainfall, while the study data 
required a 6 hour inter-event period with no rainfall or runoff, effectively reducing the 
amount of very low ADWP events in the study period dataset. 
Figure 2-1C shows the potential evapotranspiration to vary greatly with season, 
with the warmer months having the greatest ET0. For most months the study period 
median falls closely to the historical monthly median. The abnormally low ET0 in the 
study period for February and July can be explained by the deviations in temperature. 
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While the average temperatures are close for the two data sets, the daily temperature 
fluctuations are typically larger in the historical period, with average fluctuations of 
7.5°C  (historical) and 6.4°C  (study) in January and average fluctuations of 9.0°C 
(historical) and 8.3°C (study) in July.   
2.3.2 Observed Seasonal Behavior 
Figures 2-2 to 2-5 present event exceedance probability (EP) plots, where the EP 
for each event is calculated as rank/(n+1), for runoff depth separated by season, ET0, 
ADWP and storm size, respectively.  
As seen in Figure 2-2, both roofs are more likely to generate higher flow rates in 
the winter. This findings agree with Uhl & Schiedt (2008), Kaufmann (1999), Liesecke 
(2002), and Carson et al (2013) who found retention to be higher in the summer. 
Additionally, the thinner W118 extensive green roof demonstrates greater seasonal 
variability in runoff performance than the thicker USPS roof, with lower runoff volumes 
being much more likely to be exceeded in the winter. For example, runoff depths of 1 
mm have an EP difference of 0.28 between summer and winter on W118, and an EP 
difference of 0.16 between summer and winter on USPS.  In terms of annual 
performance, the thicker USPS substrate layer is less likely to exceed nearly all runoff 
depths compared to W118.  
The contribution to performance that would vary with season is presumed to be 
storage created by evapotranspiration, while the ability of the substrate to detain water is 
expected to be consistent year round (considering days below freezing are removed from 
the data set).  As USPS has much thicker media, the generally higher retention and more 
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consistent performance could be explained by media detention having a greater 
contribution than storage created by ET.  
Figure 2-2 Event exceedance probability for runoff depth separated by winter (Dec-Feb), spring 
(Mar-May), autumn (Sep-Nov), and summer (Jun-Aug) for W118 [A] and USPS [B]. 
Figure 2-3 shows the data separated by ET0 groupings of 0<ET0<2, 2<ET0<4, and 
ET0>4. While these groupings roughly correspond to the winter, spring/fall, and summer 
trends, respectively, they more specifically define the environmental conditions 
surrounding the storm event.  As seen, for both roofs, grouping by ET0 (Figure 2-3) 
shows a clearer separation in hydrologic performance than grouping by season (Figure 2-
2). This is especially evident in USPS, where Figure 2-3B shows distinctly separate ET0 
group behavior over the full range of runoff depths while Figure 2-2B showed less 
distinct seasonal trends, with summer, spring and fall closely tracking one another. This 
increased distinction can be attributed to ET0 being more physically defined than season, 
specifically, the ET0>4 category separating only the highest ET0 events of summer.   
For W118, there is a lack of variation in extremely small runoff events (0.01 mm-
0.1 mm) between the medium (2-4 mm/day) and high (>4 mm/day) ET0 categories. As a 
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green roof can generate some runoff before the substrate is fully saturated, this behavior 
could be representative of runoff generated from sufficiently dry soil. The thicker 
substrate of USPS would be less likely to reach a sufficient amount of storage created by 
ET0, resulting in a sustained variation in extremely small runoff events between medium 
and high ET0 categories.  
Figure 2-3 Event exceedance probability for runoff depth separated by ET0 (0-2, 2-4, 4+) 
Figure 2-4 shows the seasonal behavior in runoff separated by short (<2 day) and 
long (>2 day) ADWPs. For both extensive green roofs, seasonal differences are more 
apparent with longer ADWPs, with the most pronounced segregation in winter runoff. For 
example, 1 mm runoff depths of long ADWPs have an EP difference of 0.25 and 0.29 
between summer and winter for W118 and USPS, respectively, while short ADWPs have 
corresponding differences of 0.18 and 0.01.  
The greater seasonal variation with longer ADWPs can be explained by the greater 
storage created by ET given a longer dry period before a storm. As ET0 varies greatly 
with season, longer ADWPs would have more pronounced storage potential created by 
ET and therefore more pronounced seasonal variation.  While Poë et al (2015) found the 
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seasonal impact on storage created by ET to be more apparent in events with shorter 
ADWPs, the results presented here suggest that the seasonal variation in runoff increases 
with ADWP.  Additionally, the finding here differs from Wong & Jim (2014) who found 
no significant link between runoff and ADWP. 
Figure 2-4 Event exceedance probability for runoff depth (all 0-3 in 3+ in winter spring summer) in 
events with different dry periods and separated by season for W118 and USPS events with short (A1 
and B1) and long (A2 and B2) antecedent dry weather periods (ADWPs) 
Figure 2-5 illustrates the seasonal percent rainfall retention separated by storm 
events smaller and larger than 10 mm. Both roofs retain 100% of the rainfall in most 
smaller storms (<10 mm) and show a range of behavior in larger storms (>10 mm). As in 
Figures 2-2, 2-3 and 2-4, Figure 2-5 shows a more pronounced seasonal variation in 
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W118, particularly in events larger then 10 mm. This agrees with Carson et al (2013), 
who found the seasonal impact to be strongest in storms from 10 mm to 20 mm in depth, 
and can be explained the ability of the green roof to fully retain most small storms 
regardless of the seasonal climate. Alternatively, USPS has no apparent trend with storm 
size and season, indicating that that storm size may not significantly impact the seasonal 
performance of thicker, extensive green roofs. This can be explained by the greater 
contribution of substrate detention, as discussed above. 
Figure 2-5 Event exceedance probability for % rainfall retention separated by season for W118 and 




2.3.3 Modeling Results 
Table 2-3 shows the base CRE (Equation [2-2]), CRE modified to include Julian 
Day (Equation [2-3]), CRE modified to include ET0, ADWP, and Rf (Equation [2-4]) and 
the simplified reservoir equation (Equation [2-5]), along with measures of accuracy.  
Table 2-3 Various equations used to model runoff  (mm) where Rf is storm event size (mm) JD is 
Julian day, ET0 is potential evapotranspiration (mm/day), and ADWP is the antecedent dry weather 
period (days) 
 






CRE	  (base	  model)	  
[10.7<R<100mm]	   1.05	  *	  Rf	  -­‐	  0.00228	  *	  Rf2	  -­‐	  11.12	   0.945	   0.948	  
	  
0.227	   -­‐9.41	  
CRE+	  f(JD)	  
[2.7<R<100mm]	  
0.84	  *	  Rf	  +	  5	  *	  sin(1.47	  +	  0.0179*	  JD)	  -­‐	  
6.86	   0.980	   0.978	  
	  
0.147	   -­‐2.50	  
CRE+f(ETo,ADWP,Rf)	  
[3.5<R<100mm]	  
0.865	  *	  Rf	  -­‐	  7.47e-­‐5	  *	  Rf2	  -­‐	  1.28	  +	  
	  ETo(-­‐0.778	  -­‐	  0.0567*Rf	  -­‐	  0.110	  *ADWP)	   0.975	   0.973	  
	  
0.164	   -­‐2.22	  





[6.2mm<R<100mm]	   0.444	  *	  Rf	  +	  0.00327	  *	  Rf2	  -­‐	  2.926	   0.866	   0.866	   0.366	   -­‐1.67	  
CRE+	  f(JD)	  
[7.1mm<R<100mm]	  
0.674	  *	  Rf	  +	  1.3	  *	  sin(2.46	  +	  0.0172*	  JD)	  -­‐	  
6.089	   0.868	   0.868	   0.362	   -­‐3.91	  
CRE+f(ETo,ADWP)	  
[5.3<R<100mm]	  
0.469	  *	  Rf	  +	  0.00283	  *	  Rf2	  -­‐1.995	  +	  
ETo	  (-­‐0.324	  -­‐	  0*	  Rf	  -­‐	  0.106	  *ADWP	  )	   0.871	   0.869	   0.361	   -­‐2.53	  
SRE	   max(0,	  Rf-­‐	  max(16.71,	  0.577	  *ADWP*ETo)	   0.836	   0.794	   0.453	   -­‐16.4	  
 
 All of the models’ statistics fall well within the satisfactory levels set (NSE>0.5, 
RSR≤ 0.7 and PBIAS within ±25%) (Moriasi et al 2007), however, there are notable 
differences in their behavior and accuracy. For both roofs, the SREs have the least 
accurate performance followed the CREs. Both modifications of the CRE increase 
accuracy, with the CRE modified to include Julian Day most accurate for W118 and the 
CRE modified to include ET0 and ADWP most accurate for USPS. 
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For both roofs, the Characteristic Runoff Equation (CRE) is able to produce an 
adequate prediction, shown below in Figure 2-6. As runoff is only estimated using 
rainfall, the model performance appears as a line. 
Figure 2-6 Observed storm event size and runoff depth along with the CRE model for W118 and 
USPS 
When modified to use Julian Day (CRE+ f(JD)) the model statistics improve 
more drastically in W118 (R2 improved from 0.945 to 0.980) than in USPS, (R2 improved 
from 0.866 to 0.868). In both cases, the seasonal variance takes the form of a sine curve 
with a period of approximately 1 year (351 days for W118 and 365.3 days for USPS) and 
the least runoff is generated around mid-summer (July 17th for W118 and June 30th for 
USPS). The model, illustrated in Figure 2-7, reveals the amplitude of the seasonal 
variance in W118 to be nearly four times that of USPS (sine coefficient of 5 for W118 




Figure 2-7 Observed storm event size and runoff depth along with the range of the CRE modified 
with Julian Day for W118 and USPS 
 The CRE modified to include ET0 and ADWP (Equation [2-4]) performs better than 
the unmodified CRE and is on par with the Julian Day model. Similarly, the seasonal 
variance and runoff generated is found to be greater in W118, as shown in Figure 2-8.  
Figure 2-8 Observed storm event size and runoff depth along with the range of the CRE modified 
with ET0 and ADWP for W118 and USPS 
 As a well-fitting and most generally applicable model, the behavior of Equation [2-4] 
over the course of the year is further illustrated in Figure 2-9.  
28	  
Figure 2-9 Observed and modeled (CRE modified with ET0 and ADWP) runoff depth throughout the 
year for storm event sizes 0-10mm, 10-20mm, 20-40mm, and 40+mm. Using the average ET0 the 
model shows the behavior during low (0 days), average (3 days), and high (10 days) antecedent dry 
day conditions. 
 All coefficients in Equation [2-4] associated with the ET0 term are found to be 
negative, resulting in both roofs generating the least runoff when the potential 
evapotranspiration is highest, as seen in Figure 2-9. Furthermore, the coefficients for all 
terms including ET0 are higher for W118, resulting greater variation throughout the year. 
W118 is found to have a negative coefficient associated with the ET0 * Rf term, causing 
the seasonal variation in runoff to decrease with event size. Alternatively, USPS is found 
to have an insignificant ET0 * Rf term, resulting in the seasonal variation in runoff to not 
change with event size. This behavior confirms observations in Figure 2-5 and is evident 
in Figure 2-9; the amplitude of seasonal change is reduced in smaller storms in subplot A 
(W118) while remaining consistent with event size in subplot B (USPS).  
Both roofs are found to have a negative coefficient associated with the ADWP * 
ET0 term, resulting in less runoff generated in events with longer antecedent dry periods. 
The impact of ADWP is found to be similar in both roofs, with coefficients of 0.110 and 
0.106 for W118 and USPS, respectively. The 0, 3, and 10 day ADWP lines in Figure 2-9 
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illustrate this impact on stormwater retention throughout the year. In colder months 
ADWP plays a less significant role, with the modeled difference between the 0 and 10 
day ADWP smallest in January and February. 
Figure 2-10 Observed storm event size and runoff depth along with the range of the SRE for W118 
and USP 
The simplified reservoir equation (Figure 2-10), while being the most physically 
rational, has the worst model performance considering the NSE and RSR for both roofs 
in addition to R2 and PBIAS for USPS. The fitted crop coefficients (Kc) are found to be 
0.66 for W118 and 0.57 for USPS, which generally agree with previously reported crop 
coefficients as determined using an energy balance model (Kc of 0.52;Olivieri et al 
2013), weighing lysimeter (Kc of 0.53; Sherrard Jr. and Jacobs 2012), and the FAO-24 
method (Kc of 0.85-1.01; Voyde 2011). The fitted maximum storage depth (Smax) are 
found to be 11.4 mm for W118 and 17.1 mm for USPS, which while sensible, are smaller 
then the Smax reported by  Carson (2014) for the same roofs (17 mm for W118 and 52 mm 
for USPS). The inability of the SRE to accurately estimate individual storms is attributed 
to the difficulty of accurately parameterizing the water balance model. Primarily, runoff 
can occur before the substrate is fully saturated, as discussed in Section 2.3.2, however 
this behavior is discounted in the simple reservoir equation 
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2.4 Conclusions 
Using 503 storms across two extensive green roof located in New York City, one 
of 31 mm thickness and one of 100 mm thickness, individual factors of antecedent dry 
weather period (ADWP), storm event size, and potential evapotranspiration (ET0) are 
examined with season. Using these factors to model runoff, several initial observations 
are confirmed; stormwater retention was the greatest in warmer months, the thicker roof 
shows less seasonal variation, roofs retain more rainfall with longer ADWPs, and the 
thinner system has greater seasonal variation with storm size. Predictive equations are 
developed for both roofs, with 98% and 87% of the variance in measured runoff 
accounted for in the thin and thick roof, respectively. This study has shown that full-scale 
extensive green roofs vary in their ability to retain stormwater throughout the year, and 
that including seasonal factors can improve runoff model accuracy. While this 
improvement is clear in the thinner green roof (W118), it is not as significant on the 
thicker system (USPS). 
 A limitation of this study is the lack of physical basis for the modified CRE and 
the inability of the climatic factors to fully represent hydrologic processes. While in 
reality, the ET0 of the entire ADWP impacts the amount of storage created through 
evapotranspiration, only the ET0 of the event day is used here.  Additionally the plants 
ability to transpire water (Kc) is expected to vary throughout the year, which is not 
accounted here. Finally, ADWP does not take into account the extent that the previous 
storm saturated the substrate, which would impact the amount of available storage and 
runoff performance accordingly. Further study should extend these coefficients to include 
depth, slope, and plant type. 
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Chapter 3  
 
Infiltration Capability in Existing Tree Pits: The 
Influence of Various Surface Treatments 
 
 
Abstract. Street trees provide a wide array of benefits and remain the most ubiquitous form of 
dispersed urban vegetation. As their performance is largely based on the permeability of the soil 
surface, developing a better understanding of which design aspects are significant, and to what 
extent they impact the infiltration rate is important in determining simple, low cost ways to 
improve urban hydrology. The purpose of this study is to determine which surface treatments, 
management and physical factors, predict differences in the Infiltration Ratio (a metric of a soil 
structure’s impact on infiltration calculated as the ratio of a soil’s infiltration rate to that soil’s 
saturated hydraulic conductivity). Forty tree pits representing the variety of physical factors seen 
in New York City are measured in the Morningside Heights neighborhood over the summer of 
2014. Using genetic programming, a fairly accurate model is developed that predicts the 
Infiltration Ratio using physical features alone with an R2 of 0.652. The most significant factor is 
found to be the presence of a guard, with a clear bimodal split in behavior between guarded and 
unguarded tree pits. Second in importance is the size of the sidewalk opening, especially in 
guarded pits, with larger pits having a greater Infiltration Ratio. As the tree census program does 
not currently record the size of the opening, the authors suggest that it be included in the future. 











3.1 Introduction  
In urban environments, roads, buildings, parking areas, and paved public spaces 
create a large hardscape. These impermeable surfaces contribute to transformed 
hydrologic behavior. In particular, rainfall that was once able to infiltrate the soil directly 
now becomes runoff that is rapidly conveyed to local water bodies. This results in both 
reduced available ground water for urban vegetation and pollution of natural waterways 
(Mullaney et al 2015). 
Recently, municipalities and researchers have focused on using vegetated systems 
to change urban hydrologic behavior in order to mitigate the environmental impacts of 
stormwater runoff. A wide array of Green Infrastructure (GI) systems have been 
developed to retain and detain stormwater, as exemplified by sedum green roofs, 
bioswales, rain gardens, rainwater harvesting, and permeable paving (Luoni and Matlock 
2010). The functional capacity of any GI system is limited by the amount of water it can 
store, its ability to expel stored water through evapotranspiration, and its capacity to 
infiltrate stormwater into the subsurface. Although the aforementioned array of GI 
systems can occupy many niches, many can be costly and difficult to fully integrate into 
the built-up urban environment. Thus, measuring and optimizing the performance of 
existing urban vegetation represents an important area of progress and potential 
improvement.  
Street trees are a common type of urban vegetation, with their canopies in New 
York City, for example, covering 6% of the City’s land area (City of New York Parks & 
Recreation 2006). Although street trees were initially planted for their aesthetic benefits, 
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research spanning thirty years has shown their value to also include a vast array of social, 
economic, and environmental benefits, as reviewed by Mullaney et al (2015). With 
respect to stormwater management, the ability of street trees to reduce runoff has been 
estimated using a number of models, which predict annual runoff reductions from 3.2 to 
11.3 m3 per tree, with an average of 6.24 m3 quoted in a review of 5 models (Mullaney et 
al 2015).  
Functionally, street trees divert urban storm water in three ways; leaves and 
branches directly hold rainwater (interception), the tree structure channels water to the 
base of the trunk (stem flow), and water enters the ground through an opening in the 
sidewalk (infiltration).  While stem flow collects much of the rainwater (reported as high 
as 56% but varying greatly depending on species (Crockford and Richardson 2000) its 
potential is only realized if the relatively small ground surface to which it leads can 
quickly absorb the water. In a sense the tree pit surface can be seen as a valve controlling 
the rate that rainwater can infiltrate into the great volume of earth that lies beneath the 
hardscape (Figure 3-1).  
   
Figure 3-1 Instances in NYC where the infiltration rate limited the stormwater performance of street 
trees 
As a limiting factor in storm water reduction, the infiltration rate of various 
ground surfaces has been an area of focus. Alizadehtazi (2012) looked at many types of 
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impervious surfaces in the urban landscape, including eighteen tree pits without guards 
and twenty tree pits with guards, identifying a significantly faster infiltration rate in the 
guarded pits. This study further showed that there are significant differences between 
behaviors observed in individual unguarded pits, suggesting that other surface treatment 
factors play a role in the ability of tree pits to infiltrate stormwater. 
Throughout the urban environment, and specifically in New York City, the 
surface of the sidewalk opening housing street trees is treated in many different ways. 
The ground surface can be bare or planted, mulched, built-up or recessed, contained 
within a protective fence, and large or small. Stewards of street trees include city 
departments, building owners, neighborhood associations, and individuals.  
In 1995, New York City started the TreesCount! Program, which takes a tree 
census every decade. While the 1995 census used 8 field of data, the most recent census 
in 2005 recorded 27 data entries on each tree, including many fields with information that 
might be used to assess the environmental benefits of street trees (City of New York 
Parks & Recreation 2006). Both the 2005 and 2015 census record translatable metrics 
such as species, Circumference at Breast Height (CBH), condition, soil level, presence of 
tree guard, presence of a wall with soil piled up, and stewardship evidence such as mulch, 
plants and flowers (NYC Parks and TreeKIT 2015).  
The goal of this study is to developing a better understanding of the importance of 
the different treatments and to create a model capable of translating easily observable 






3.2.1 Study Areas and Pit Selection 
 The study included 40 tree pits in the Morningside Heights neighborhood of New 
York City. All sample sites had underlying soil types of Till (Pt) and Thin Till (Ptt), 
which are similar in composition and moderately well drained. The distance to bedrock in 
the area is generally consistent, ranging between 12.2 and 15.3 meters. Within the study 
area, street trees are selected to represent a variety of design variables, referred to as 
surface treatments, as expounded in Section 3.2.3. The surface treatments examined 
represent an even number of guarded and unguarded (G) pits, the design aspect 
previously identified as significant, and varying in pit size (A), tree size (S), surface 
planting (P), existence of mulch (M), and raised bed relative to the ground (B). An 
overview of the dataset is provided in Table 3-1 and their location and size is illustrated 
in Figure 3-2. 
Table 3-1 Overview of tree pits sampled, with counts of unguarded and guarded tree pits considering 
the other surface treatments of pit area, tree size, surface planting, mulch and built up 
 
Pit Area (A) Tree Size (S) Planting (P) Mulch (M) Built up (B) 
 
>2m2 <2m2 >25cm <25cm Present Bare Present Absent Built up Flush 
Unguarded 9 11 4 16 7 13 7 13 2 18 




Figure 3-2 Location of tree pits within the study area (Morningside Heights Neighborhood, NYC) 
along with pit size ranging from 0.9m2 (red) to 4.6m2 (fuchsia)   
3.2.2 Dependent Variable: Infiltration Ratio 
The Infiltration Ratio is (IR) selected as the metric for describing the impact of a 
tree pit’s soil structure on stormwater infiltration. The IR is the ratio of the water 
infiltration rate (I) to the saturated hydraulic conductivity (𝐾!) of the tree pit soil, or I/𝐾!. 
Normalizing the soil’s insitu infiltration rate to its intrinsic capacity to transport water 
facilitates the analysis of how different physical features and treatments impact tree pit 
performance. This ratio has previously been used in work by Hou, Chen, & Rubin (2005), 
and a similar ratio has also been used by McDougall & Pyrah (1998).  
Tree pit water infiltration rate (I) was measured using a double ring infiltrometer 
(Turf-Tec International IN2-W) between June 2, 2014 and July 31, 2014, following a 
modified ASTM D3385-09 standard. For each pit, the mean of four measurements, taken 




Figure 3-3 Sampling schema for infiltration, penetration, and soil sampling. Infiltration samples were 
taken in each corner, halfway between the edge of the pit and the trunk of the tree (grey circles). 
Prior to each measurement, the measurement area was cleared of mulch, rocks 
and any other debris. The infiltrometer was then inserted into the ground. To ensure that 
the soil was fully saturated prior to measuring the infiltration, both inner and outer ring 
were filled with water and allowed to drain completely two times. The infiltration test 
involved filling the infiltrometer once and allowing it to fall 5.08 cm (2 in), recording the 
time it took for each 0.635 cm (0.25 in) of infiltration. In cases where the infiltration was 
exceptionally slow, each test time was limited to one hour. The results were then plotted 
and the water infiltration rate was derived from the linear portion of the plotted behavior 
(Figure 3-4).  
 
Figure 3-4 The method for deriving the infiltration rate (I) from the infiltrometer data (grey dots). 
The ratio of the infiltration depth (d) to the time (t) elapsed from the linear portion of the plot is used 
to calculate I. 
38	  
The saturated hydraulic conductivity (𝐾!) was determined using an empirical 
relationship with the grain size distribution, first proposed by Hazen (1911). Equation [3-
1] shows an improved version of the Hazen relationship that incorporates values of d60, 
d50, and 10; the particle diameter, in mm, that 60%, 50%, and 10% of the soil mass is 
larger than, respectively (Salarashayeri and Siosemarde 2012). 
𝐾! = 10.06+ 118.53 𝑑!" − 12.5 𝑑!" − 7.32(𝑑!")    [3-1] 
On October 2, 2014, soil cores were taken from sampling corner number 1 for 
each pit and the grain size distribution was then determined following the ATSM 
protocol D422. Then, the saturated hydraulic conductivity, in m/day, was then 
determined using Equation [3-1]. 
3.2.3 Primary Independent Variables: Surface Treatments  
 The factors hypothesized to impact IR, and thus tree pit stormwater infiltration 
performance, included the tree pit physical surface treatments in addition to 
environmental factors that might affect water infiltration. Surface treatments included the 
presence of a guard, built-up or elevated bed, plant cover and mulch as well as, the tree 
size and pit size. The guard (G) term represented accessibility to foot traffic, with pits 
assigned a score of 1 if they had a full guard and 0 if they were open to pedestrian traffic. 
The built-up (B) term was assigned a score of 1 if the surface level was elevated above 
pavement level or 0 if it was flush with the pavement. The plant cover (P) term was 
assigned a score of 1 if cover vegetation was present and 0 if not. Similarly, if mulch (M) 
was present or absent the pit was given a score of 1 or 0, respectively.  The tree size (T) 
was measured, in cm, as the trunk circumference 1.37 m (4.5 ft) above the ground, known 
as Circumference at Breast Height (CBH). Finally, the pit size (A) was determined as the 
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surface area of the tree pit, in m2. Examples of these surface treatments are available in 
Figure 3-5.  
 
Figure 3-5 Examples of the variety of surface treatments used on New York City tree pits. As 
classified in this paper, subplot A is [G=0, A=3.0, S=18, P=0, M=0, B=0], B is [G=1, A=2.4, S=, P=1, 
M=0, B=0], C is [G=0, A=1.1, S=40, P=1, M=1, B=1], D is [G=1, A=2.0, S=38, P=1, M=0, B=1], E is 
[G=1, A=0.9, S=52, P=0, M=1, B=0] and F is [G=0, A=3.8, S=12, P=0, M=1, B=0]. 
3.2.4 Other Independent Variables: Environmental Factors  
 To account for the impact that soil moisture might have on the infiltration rate, the 
antecedent rainfall was determined using daily precipitation data from the National 
Climate Data Center (NCDC) database for the Central Park weather station (40°46'44", -
73°58'9") The total amount of rainfall was calculated for one (R1), two (R2), and five 
(R5) day periods before the infiltration measurements took place.  
Soil penetration is a quickly obtained measurement of soil structure and therefore 
considered to be a potentially valuable predictor of IR. For this study, soil penetration 
was determined using a Penetrometer (Turf-Tec International PN1-S). The PN1-S 
operates by using a weighted shaft that is raised above the soil and, when the release 
trigger is pulled, drops with a blunt penetrating point entering the soil. Measurements are 
recorded on a specifically designed scale where 0% represents uncompacted sand and 
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100% indicates solid compaction. Four measurements were taken surrounding each 
infiltration sample (Figure 3), totaling 16 measurements per pit.  
 
3.3 Results 
3.3.1 Infiltration Ratio 
 The water infiltration measurements (I) within individual pits are highly varied; in 
the most extreme case the largest measurement is nearly four times the lowest. Thus, the 
appropriateness of using a simple mean of four samples is tested with two analyses of 
variance (ANOVA’s). The first ANOVA is run to test whether there is systematic 
variation in the sampling locations (for example, if the points closest to the sidewalk are 
regularly less permeable). The p-value of the ANOVA grouped by sampling location is 
found to be 0.71, indicating that the sampling scheme within each pit is not introducing 
systematic error. The second ANOVA showed the variability within each pit to be 
significantly small compared to the variability between the pits, with a p-value of 2.2 e -16. 
This is well below the 95% significance level (p-value of 0.05), validating that the four 
systematically chosen points are an adequate representation of the overall pit.  
 The saturated hydraulic conductivity (𝐾!) for to 40 samples are mildly varied, due 
to the grain size of the 40 samples being generally similar.  It is worth noting that nearly 
all of them are coarser than the performance envelope as dictated by the NYC Parks and 
Recreation Department (Bloomberg and White 2013). 
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Figure 3-6 Measured  grain size distribution in 40 tree pits and the performance envelope (shaded 
grey area) derived from NYC parks guidelines (Bloomberg and White 2013) 
 The Infiltration Ratio (IR) measurements are heavily right skewed, as seen in 
Figure 3-7A. In order to perform linear regression analysis, it is necessary to satisfy the 
assumption of normally distributed data and perform a log transformation (Figure 3-6B).  
Figure 3-7 Histograms of all Infiltration Ratio (IR) measurements before (A) and after (B) log 
transformation 
 
3.3.2 Initial Analysis of Surface Treatments 
An initial analysis of the correlation of the independent variables with IR shows 
presence of the guard to be the most significant (Figure 3-8). Other independent variable 
that are positively correlated with IR are the size of the tree pit and 5 day antecedent 
rainfall. However the 1 and 3 day antecedent rainfall are slightly negatively correlated 
with IR.  
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Figure 3-8 Pearson product-moment correlation coefficient of the Infiltration Ratio (IR) with one 
(R1), two (R2), and five (R5) day antecedent rainfall depth, CBH (T), pit area (A), and presence of a 
guard (G), surface planting (P), mulch (M), and built up substrate (B). The measure of linear 
correlation is represented by the color and size of the circles, where the darkest blue represents a 
total positive correlation (1)  and the darkest red represents a total negative correlation (-1).  
The log transformed IR is then used in a linear regression analysis to provide a 
more analytical interpretation of the independent variables’ significance. All possible 
factors were first considered before using stepwise Akaike information criterion (AIC) to 
select the best set of predictors, shown below in Table 3-2.  The model reduction 
predicted IR with an adjusted R2 of 0.689 and found three predictors to be highly 
significant. 
Table 3-2 Factor significant in an AIC reduced linear analysis 
Coefficients Estimate Std. Error  t value  Pr(>|t|) Significance 
Rain      (R2) -0.0017914 0.0009626 -1.861 0.0719 . 
Pit area   (A) 0.3432839 0.0129281 2.464 0.0193  * 
CBH       (T) 0.0098205 0.0182034 1.37 0.1801   
Guard     (G) 1.3832576 0.2862815 4.832 3.24E-05 *** 
Plant       (P) -0.3778949 0.2214994 -1.706 0.0977 . 
Mulch    (M) -0.753061 0.2782975 -2.706 0.0108  * 
Signif. codes:    0    ‘***’    0.001    ‘**’    0.01    ‘*’     0.05    ‘.’     0.1    ‘’    1  
 
Confirming Figure 3-8, the presence of a guard is found to be the most significant 
factor, accounting for 50% of the variation in the Infiltration Ratio in this simple linear 
model. Other input variables that met the 95% significance level are the pit size and the 
presence of mulch, generally confirming observations of the Pearson product-moment 
correlations. 
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As both initial observations showed the guard to be the most important factor, a 
further examination of how the IR data is structured with respect to being guarded is 
presented in Figure 3-9. The observed bimodal split indicates that tree pits with lower 
hydraulic conductivities (finer grained soils) are more susceptible to a hindered 
infiltration rate if they are unguarded (and therefore open to pedestrian traffic). Coarser 
soils seem less susceptible to hindered infiltration rates. 
 
Figure 3-9  The bimodal split between log(I) and K when separated into guarded (red) and 
unguarded (black) groups 
 
3.3.3 Modeling 
A multivariate physical model is developed to account for the impact of the 
physical features and their interactions on the Infiltration Ratio (IR) in both guarded and 
unguarded conditions. While the overall form is constrained to reflect the separate 
behavior associated with the presence or absence of a guard, the use of a genetic 
programing (GP) symbolic regression algorithm (Schmidt and Lipson 2009) allowed for 
a flexible approach to determining variable structures within this form.   
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As opposed to other types of regression modeling, which require choosing a 
model structure beforehand, GP chooses a population of models using stochastic methods 
and allows the models to “evolve” according to a set of rules (Koza 1992). In the case of 
this study, the rules called for optimizing variable structures and constraints based on the 
fitness measure of R2. This resulted in a range of models, varying in complexity and 
accuracy.  
 The parameter structures produced were evaluated considering their physical 
implications. Structures that could be explained based either on other literature or could 
be reasonably inferred were taken, while equations with nonsensical relationships were 
not pursued. For example, tree size (T) is found to have a negative relationship with IR, 
with both -T and !
!
   produced as potential variable structures. As -T alone could produce a 
negative IR with a sufficiently large tree, the structure !
!
 is used. 
The iterative process of determining the final form involved balancing higher 
accuracy (R2) with lower complexity, while maintaining a reasonable equation structure. 
Equation [3-2] shows the result, with the first section showing the unguarded behavior 
and the second modifying for the presence of a guard.  
  𝐼𝑅 = 𝐶!𝐴 + 𝐶! !! + 𝐶!𝑃 + 𝐶!𝐵 + 𝐶!𝑀 + 𝐺 𝐶! + 𝐶!"𝐴 + 𝐶!"
!
!
+ 𝐶!"𝑃 + 𝐶!"𝐵 + 𝐶!"𝑀    [3-2] 
Where IR is the Infiltration Ratio (unitless), G is the presence of a guard (binary), 
A is the pit surface area (m2), T is the tree CBH (cm), P is the presence of plant cover 
(binary), B is the built up status (binary), M is the presence of mulch (binary), and the 
corresponding CX represent constant coefficients associated with each parameter. The 
values for the final model are presented in Table 3-3.  
 
45	  
Table 3-3 Coefficients for the modeled Infiltration Ratio (Equation [3-2]) 
  𝐶! 𝐶! 𝐶! 𝐶! 𝐶! 
Unguarded Behavior  0.0269 3.219 0.00264 1.477 0.00047 
 𝐶!  𝐶!" 𝐶!" 𝐶!" 𝐶!" 𝐶!" 
Guarded Behavior 0.0025 12.81 -0.00288 -0.00055 -1.477 -0.00047 
 
The model predicted the Infiltration Ratio with an R2 of 0.652 (Figure 3-10). A 
sensitivity analysis for the various model predictors is provided in Figure 3-11. 
 
Figure 3-10 Measured vs. modeled values for Infiltration Ratio 
	  
 
Figure 3-11 Sensitivity analysis for the various surface treatments where the grey area represent the 
range of the model behavior given the data, the black line represents the mean behavior, and points 
represent the measured data 
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The sensitivity analysis reveals the modeled behavior of the Infiltration Ratio. In 
guarded pits, larger pit areas drastically improve the Infiltration Ratio while this effect is 
significantly minimized in unguarded pits (Figure 3-11A). Another significant interaction 
can be seen between the guard and pit elevation.  If a pit is guarded, having an elevated 
bed appears to have a negligible effect. However, unguarded pits that are built up have a 
significantly better Infiltration Ratio, presumably because the elevated bed performs a 
similar task of deterring foot traffic (Figure 3-11B). The matching guarded and 
unguarded built up coefficients, seen in Table 3-2 as 𝐶!   and 𝐶!", explain this model 
behavior. In all pits larger tree size appears to reduce the Infiltration Ratio, with this 
phenomena appearing to be stronger in guarded pits (Figure 3-11C). A possible reason 
for this is that tree roots take up subsurface volume that could otherwise be available for 
infiltration by water.  The effect of mulch and vegetation are found to be limited in this 
study, perhaps in the case of vegetation, this result is due to the simplistic manner in 
which vegetation is quantified as described later in Section 3.4.  
3.3.4 Penetration as a Predictor of IR 
A plot of the penetrometer data with the Infiltration Ratio shows a clear trend, as 
shown in Figure 3-12. 
  
Figure 3-12 Infiltration Ratio compared to penetrometer measurements 
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The reduction in the Infiltration Ratio with more compacted soil is more 
significant than its relationship to the infiltration rate or hydraulic conductivity alone. 
After evaluating linear (R2 of 0.278), logarithmic (R2 of 0.165), polynomial (R2 of 0.293), 
and exponential fits (R2 of 0.424), the data most accurately fits an exponential 
relationship, given as Equation [3-3] and shown in Figure 3-12. 
Infiltration Ratio = 8.4235e-0.034*compaction       [3-3] 
The inability of the penetrometer to directly measure the soil structure may be 
responsible for its weak ability to predict IR. The penetrometer measures the soil’s 
resistance to penetration at a specific point, which while related to the soil density, does 
not account for the confounding factor of soil moisture. Additionally, as a point 
measurement it may not capture the effect of heterogeneity soil structure (e.g. 
measurement could be thrown off by subsurface rocks or vertical channels). Other more 
direct measurements of compactions, such as ground penetrating radar, Nuclear Density 
Gauge, and Clegg Hammer could be more reprehensive of the soil structure(Distribution 
& Pipeline Technology Division 2005). 
 
3.4 Discussion  
The findings presented in Section 3.3 offer insight into what stewardship practices 
are most important for maintaining street trees as effective green infrastructure from the 
perspective of urban stormwater management. The importance of a guard found here 
agrees with the findings of Alizadehtazi (2012), who found unguarded pits to have an 
average infiltration rate 0.06 cm/min compared to guarded pits with an average 
infiltration rate of 0.27 cm/min. By including additional physical factors, this study 
provides insight into how other features further impact the guarded and unguarded 
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behavior. Unguarded pits that are built up are seen to have better Infiltration Ratios then 
unguarded non-built up pits, however, the piling of soil around the trunk is harmful to 
tree health and recommended against by the parks department (NYC Parks and TreeKIT 
2015).  Significantly, the presence of a guard is shown to be more important in larger 
pits, with the water drainage performance of guarded pits increasing linearly with their 
area. Similarly, pits with mulch and finer grained soils have gains in their performance 
when they are guarded. As coarser grain soils are less susceptible to a reduced Infiltration 
Ratio, the finding that nearly all of the soil samples are coarser then the guidelines 
provided by the NYC Department of Parks and Recreation is a positive sign from the 
perspective of tree-pit water infiltration capacity.  
The noncorrelation of an antecedent dry weather period with Infiltration Ratio 
agrees with Alizadehtazi (2012) and Diamond & Shanley (2003) who were also unable to 
find a significant relationship between the infiltration rate and prior dry weather or initial 
moisture content. However, the insignificance of vegetation contradicts a body of 
evidence that certain plant species improve soil structure and infiltration performance 
(Mytton, Cresswell, & Colbourne, 1993; Alizadehtazi, 2012). This contradiction can be 
partially explained by the simplified manner vegetation is accounted for in this study 
where any type of vegetation (ornamental, dispersed or full cover) is given the same 
score if it is present at the time of the infiltration measurement. A more accurate measure 
of vegetation as it relates to soil structure would be the below ground biomass, percent 
coverage, or duration that plant cover has been present.  
 In all, it is possible to predict the Infiltration Ratio fairly accurately using only 
physical features. Although a penetrometer offers a fast and easy physical measurement, 
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with an R2 of 0.424  it proved to be less effective than using the surface treatments 
(R2=0.652) in predicting IR. With the predictive physical features closely matching those 
in the tree census data, Equation 3-2 also provides the opportunity for insight into the 
stormwater retention capability of New York City street trees. If to be applied on a larger 
scale, tree pits with a greater spatial variation should be included in the model calibration, 
as the distance to bedrock and underlying soil type are not representative of all of NYC. 
Another area of exploration is to develop a better understanding of the spatial variability 
of infiltration within individual pits, as they exhibited a large heterogeneity.  
The methodology in this study focused specifically on the ability of the ground 
surface to convey water underground as a limiting factor, thus neglecting the impact of 
storage on overall stormwater retention performance. In evaluating the most effective 
designs for overall performance, the storage provided by the substrate and plant canopy 
in addition to the evapotranspiration provided by trees and cover planting must be 
considered.  
3.5 Conclusion 
Tree pits are a ubiquitous and well-integrated form of urban vegetation, and as 
such, provide ecological services. The extent to which they help mitigate stormwater 
runoff is partially a function of the tree-pits’ ability to infiltrate water, which in turn is 
affected by their physical design. As there is no standard surface treatment, there exists a 
wide range of features that are used here to predict the Infiltration Ratio. 
 The most impactful factor is found to be the presence of a guard, with the 
conclusion that allowing tree pits to be open to foot traffic is detrimental to their 
performance. Secondly, the size of the opening is found to have a positive impact on the 
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stormwater performance, particularly in guarded pits. Aside from the direct benefit of 
having more area to accept water the substrate is more effective on a unit area basis at 
conveying water underground.  As the tree census program does not currently record the 





















Chapter 4  
 
The Suitability and Capacity of Vine Canopies as Green 
Infrastructure for Urban Stormwater Management 
 
 
Abstract. By nature, green infrastructure requires a patchwork of many small 
interventions to significantly address urban environmental problems at the city scale. 
While a wide range of green infrastructure technologies exist, the application of many of 
these in dense urban environments is challenging due to space constraints and/ or the 
necessity for structural retrofits of existing building stock.  As a result, there remains a 
need for exploration of new green infrastructure designs that can overcome such 
limitations. The purpose of this study is to assess the performance of horizontal vine 
canopies as a green infrastructure intervention that have the potential to be employed on 
existing urban rooftops without extensive structural retrofit.  Sixteen vine canopies grown 
in test beds on a New York City (NYC) rooftop and are monitored over a period of 27 
months to determine the capacity of the different canopies to flourish under harsh rooftop 
conditions, retain stormwater and return water to the atmosphere via transpiration. 
Monitoring results indicate that four of the vines species could be viable as a component 
of green infrastructure, with G. sempervirens exhibiting the best performance in terms of 
environmental metrics and hardiness. The test bed monitoring data is supplemented with 
data collected from a mature vine canopy in Central Park NYC, where canopy 
stormwater interception and ability to neutralize acid rain are evaluated over a 5-month 
period. Both data sets are used, in conjunction with a machine-learning program and 
results from prior research, to develop models that describe the stormwater capture and 
transpiration performance of horizontal vine canopies. Finally, these models are used to 





4.1 Introduction  
The environmental benefits and efficiencies of city life are numerous and well 
studied. Waste is concentrated and potentially easier to manage, many resources are 
shared, and general compactness results in the average city dweller having a smaller 
carbon footprint than their non-urban counterpart (Dodman 2009). However, the 
hardscape, energy consumption, and antiquated infrastructure of many cities contribute to 
environmental problems that must be addressed in order for cities to provide a 
sustainable, high quality life into the future.  
One environmental problem that urgently needs to be addressed is combined sewer 
overflow (CSO). Drainage systems in 772 U.S. cities, as well as many cities around the 
globe, primarily use a single pipe network, referred to as a combined sewer system 
(CSS), to transport both stormwater and sanitary sewage (US EPA 2004).  During periods 
of Wet-Weather-Flow, the capacity of many combined sewer systems are over-whelmed, 
leading to the discharge of untreated excess sewage into local waterways. In New York 
City alone, approximately 27 billion gallons of untreated CSO are discharged annually 
into city rivers and canals (Plumb 2006). 
One way of addressing the problems caused by the inadequate capacity of a CSS, is 
low impact development (LID).  LID, or green infrastructure, aims to locally capture 
stormwater before it enters a CSS, thereby reducing flow into the system. The state of 
practice for LID includes using sedum green roofs, bioswales, curb cuts, rainwater 
harvesting, street trees, and pervious paving (Luoni and Matlock 2010) to retain, 
infiltrate, and detain stormwater onsite. The performance of LID techniques is commonly 
measured in terms of stormwater quantity and quality. Stormwater quantity performance 
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measures describe how well a system retains stormwater and reduces peak runoff flow, 
while stormwater quality measures describe the composition of runoff water.  
By nature, LID is distributed and requires a patchwork of many small interventions 
to have a meaningful benefit. While a wide range of green infrastructure technologies 
exist, the application of many of these in dense urban environments can be challenging 
due to space constraints and/ or the necessity for structural retrofits of existing building 
stock (Getter and Rowe 2006).  Hence, there still remains a need for exploration of new 
green infrastructure designs that can overcome such limitations.  
 Throughout the urban environment, vines occupy niches that otherwise do not 
support vegetation. Vine structures, with concentrated roots and sprawling foliage, allow 
greenery to fill a range of structures and sizes, making them well suited for innovative 
low impact development techniques. As either a canopy or as a wall covering, vines can 
provide an inexpensive way of increasing vegetation without competing for occupiable 
space, and without detracting from architectural value. Structurally, the heavy part of the 
vine system can be located where existing infrastructure has reserve load capacity, while 
the photosynthetically active parts (primarily leaves) can be supported by engineered 
structures (as opposed to tree branches) providing safer, more controlled and more 
resilient infrastructure.  
 The study of vines as green infrastructure has largely focused on their application in 
vertical greenery systems (VGS). To date, work in this area has examined the ability of 
green façades to improve cooling energy loads in buildings (Pérez et al 2014), reduce air 
pollution (Litschke and Kuttler 2008; Pugh et al 2012), attenuate noise (Ismail 2013; Van 
Renterghem et al 2013), and provide habitat (Madre et al 2015). Despite the potential for 
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vines to contribute to stormwater management solutions, research into the stormwater 
performance of vines remains nascent.  
 A report produced for Green Roofs for Healthy Cities (GRHC) from the British 
Columbia Institute of Technology School of Construction and the Environment, 
presented experimental data on the ability of several vined green façades to shield a 
building envelope from rainfall, which demonstrated the need for at least 25% leaf 
coverage to have a positive impact (Connelly et al 2012). In addition, a Master’s thesis 
from the University of Maryland examined the hydrologic performance of angled vine 
canopies atop model houses, and reported a 100 minute delay in peak runoff for 0.15 
mm/min storm and a modeled canopy storage of 0.8 mm per leaf area (Schumann and 
Tilley 2007). While these aforementioned studies demonstrated the ability of vines to 
capture stormwater, they also both included the confounding variables of canopy slope, 
substrate storage, and building surface interactions. Although lacking in green 
infrastructure research, the hydrologic capacity of plant canopies has been a focus of 
study in natural systems and have been shown to capture between 9 and 48% of gross 
precipitation (Breuer, Eckhardt, & Frede, 2003; Gerrits, Savenije, & Floor, 2011) with 
canopy structure, tree spacing, wind, and rainfall intensity (Hörmann et al., 1996; Gerrits 
and Savenije, 2011) as influencing factors.  
 The goal of this study is to identify appropriate vine species for stormwater 
management in an urban environment like New York City (NYC), and develop models 
that can describe the stormwater performance of basic, horizontal vine canopies. Several 
vine species are evaluated for their suitability over a two-year establishment period on an 
NYC rooftop. Each experimental canopy is individually monitored to determine its effect 
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on stormwater quantity and also subjected to energy and water limited trials to establish 
plant behavior models. To complement the measurements acquired from the experimental 
canopies, stormwater quantity and quality performance monitoring is also undertaken on 
a mature vine canopy in Central Park, NYC. In the sections that follow, the methods in 
which vine canopies are selected, established, and measured are provided, the results of 
the study are presented and discussed, and the new behavioral models are described. 
 
4.2 Methods 
4.2.1 Monitoring Sites 
Measurements on the experimental canopies were undertaken on the Mudd 
Engineering Terrace at Columbia University (40.809232, -73.959622) as shown in Figure 
4-1. Eighteen test beds were constructed. Each test bed consisted of a sub-irrigated 
planter, a 1 m x 1 m level wire trellis, and a 1 m x 1 m water catchment area as shown in 
Figure 4-2. Two test beds were left unplanted to act as control stations, while the 
remaining sixteen were randomly populated with eight vine species in duplicate. Test 
beds were outfitted to measure the transpiration, Leaf Area Index (LAI), and rainfall 
interception of each vine canopy. The control stations were used to measure runoff in the 
absence of a trial vine. 
The study spanned two years, with the vines seedlings purchased on June 4th, 
2013 from the Gowanus Nursery and given a full season to establish before the 
monitoring period for hydrologic performance began on June 16th, 2014. Aside from a 
soil moisture rundown trial (August 14-25th, 2014) the plants were well irrigated, and thus 
in a non-water limited state.  
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Figure 4-1 Locations and images of the vine canopies studied. 
 
Figure 4-2 Schematic diagram of an individual test bed set up and the primary measurement 
methods. 
Measurements on the mature vine canopy took place in the Rudin Family 
Playground, Central Park (40.791875, -73.963951). The playground houses a Wisteria 
Americana canopy that is over 20 years old, near horizontal and open to the sky. 
Monitoring data included LAI, rainfall interception and throughfall water quality. The 




4.2.2 Plant Selection 
 Vines were selected for their potential ability to grow in a harsh New York City roof 
top environment, with further consideration given for maintenance requirements, 
ecological productivity, and aesthetic value. From information obtained via a literature 
review, observations of vines growing in NYC, and conversations with individuals 
experienced with growing vines on roof tops (Laura Hansplant, Director of Design at 
Roofmeadow, and Artie Rollins, Chief of Technical Services at the 5 Boro Green Roof), 
twenty potential vine species were identified. This list was then populated with factors 
that might influence vine suitability as rooftop green infrastructure. To compensate for 
the more severe weather experienced by plants growing in containers on rooftops, vine 
candidates were limited to those having a range of hardiness zones that exceeded New 
York City’s rating of 6B. To address concerns about vines invading beyond the trellis, 
only plants with “safe” climbing mechanisms (i.e., non-sticky tendrils and twining stems) 
were considered. Finally, plants with less frequent watering needs, full sun preference, 
and fast growth rates were favored. From the remaining plants, selection of the eight 
species for the study aimed to include a variety in morphology, foliage abscission, and 









Table 4-1 Potential vine species with the final selected species highlighted. Characteristics compiled 
from Plants for a Future (www.pfaf.org) and North Carolina State University Plant Database 
(plants.ces.ncsu.edu) 












Full Sun 4 to 8 Fast Eastern Asia Edible Fruit 
Akebia quinata Decidious 
Partial to 
Full Sun 5 to 9 Fast Asia   
Apios 
americana Decidious Full Sun 3 to 10 Moderate 
North 
America Edible Tuber 
Campsis 










Full Sun 5 to 9 Slow 
Southeastern 
Texas   
Gelsemium 










Full Sun 5 to 11 Fast     
Humulus 
lupulus  Decidious 
Partial to 




acuminata Evergreen Full Sun 9 to 11 Very Fast Hawaii Showy Flower 
Lathyrus 
ochroleucus Decidious Full Sun   Fast 
North 
America   
Parthenocissus 
quinquefolia Decidious Full Sun 3 to 10 Fast 
North Eastern 




Full Sun 4 to 8 Fast Asia Attracts Birds 
Passiflora 
incarnata Decidious Full Sun 5 to 10 Moderate 
North Eastern 
U.S.A Edible Fruit 
Rosa 'Blaze of 
Glory' 
Semi-




Sun 4 to 8 Slow Eastern Asia   








Full Sun 5 to 9 Fast 
Eastern 
US/Asia   
Wisteria 
sinensis  Decidious 
Partial to 
Full Sun 5 to 8 Fast Asia 








4.2.3 Growing System for Trial Vines 
 The trial vines were grown in individual sub-irrigated planters (SIP), modified 
from plans for the “Global Buckets” system (www.globalbuckets.org), illustrated in 
Figure 4-3. 
 
Figure 4-3 Schematic diagram of the sub-irrigated planter (SIP).  
 The SIP consists of a reservoir, water inlet, substrate, and an impermeable cover to 
prevent evaporation from the soil.  The capillary force of the soil draws water from a 
reservoir, keeping the amount of air and moisture in the substrate consistent and 
amenable to plant growth.  To ensure that each vine had an adequate supply of nutrients, 
473 cm3 [2 cups] of 5-3-3 fertilizer was added atop the substrate at the beginning of each 
growing season.  
 Use of the SIP system allowed for certain experimental advantages. First, the plastic 
top covering the substrate ensured that all water leaving the system was transpired 
(through plants) and not evaporated from the soil surface. Second, the complicating 
variable of soil moisture easily kept constant. Finally the reservoir, with its attendant 
measurement window, provided a simple way to monitor plant water use. 
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4.2.4 Leaf Area Index Measurement 
 The LAI was measured using a LAI-2000 Plant Canopy Analyzer (LICOR 
Environmental), which was programmed to take one above canopy and two below 
canopy readings per measurement. The trial vines were set up with permanent guides to 
hold the analyzer 35.6 cm [14”] below the canopy, while the mature canopy 
measurements were taken approximately 30.5 cm [12”] below the canopy. LAI 
measurements were taken at six times throughout the twenty-seven month monitoring 
period. 
4.2.5 Interception and Storm Size Measurement  
 Rainwater that neither fell through a vine canopy (throughfall) nor flowed down the 
vine’s trunk (stem flow) is referred to as interception. Interception was gauged as the 
difference in rainfall collected beneath the vine canopies and that collected in adjacent 
open areas. 
 Throughfall for the experimental canopies was measured with the 1 m x 1 m water 
catchment areas (see Figure 4-2), which were angled 15° from horizontal on the diagonal 
and drained to a 18.9 liter [5 gallon] container. This limited experimental canopy 
measurements to rain events of 18 mm and less. The two control stations were left 
unplanted and were used to monitor open area runoff and to determine storm size.  
 The interception of the mature canopy was measured using six deployable containers, 
each with a catchment area of 1050 cm2 that would either hang beneath the trellised 
canopy or be placed out in the open. He et al. (2014) determined that 10 collectors with 
catchments areas of 314 cm2 are representitive of the throughfall in a forest (meaning the 
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average interception did not exceed a 10% error). Although fewer collectors were used, 
the total catchment area surpassed the reccomended value. 
4.2.6 pH Measurement 
 Measurements of rainfall and throughfall pH at the mature vine canopy site were 
undertaken using four collection containers, which were rinsed with de-ionized water 
prior to deployment. During a rain event, two rainfall samples and two throughfall 
samples were collected and pH was measured on-site using an Accumet Portable pH 
Meter (Fisher Scientific). The meter was calibrated with pH-4 and pH-7 solutions in the 
field immediately before taking readings. 
4.2.7 Evapotranspiration Measurement 
 Evaporanspiration for the trial vines was determined using measurement windows on 
the SIP reservoirs (see Figure 4-3), which were marked and calibrated to an accuracy of 
0.1 liter. Each day between 5 and 5:30 pm during the 3-month measurement period, the 
reservoir volume would be recorded prior to being refilled. The daily loss in water from 
the reservoir was taken as the daily plant water use, or transpiration. Although this study 
prevented evaporation from the soil, the measured water loss will be referred to as 
evapotranspiration, as most previously developed models account for the combined effect 
of evaporation and transpiration. 
  In order to verify the accuracy of the new SIP system, water loss was also 
concurrently determined by weight measurements over a period of one week. 
Comparison of water loss values determined using the SIP measurement system and 
those obtained with weight measurements yielded an R2 of 0.86, which was considered 
acceptable. During the 11-day soil moisture rundown trial, transpiration could not be 
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determined using the measurement windows, and was thus determined by weight 
measurements.  
4.2.8 Reference Evapotranspiration, 𝐸𝑇! 
 To normalize the plant transpiration measurement to the environmental conditions the 
potential or reference evapotranspiration (ET0) was calculated each day using the well-
documented Hargreaves and Samani equation (Hargreaves et al 1985), shown as 
Equation [4-1].  
𝐸𝑇! = 0.0022 ∗ RA ∗ TC− 17.8 ∗   TD!.!      [4-1] 
where ET0 is the reference ET (mm/day), RA is extraterrestrial radiation (mm equivlant 
per day), TC is average daily temperature (°C) and TD is the daily temperature range 
(°C). 
RA was calculated following the ASCE standardized reference evapotranspiration 
equation, which uses a solar constant, declination, and day of the year (Walter and 
Richard 2005) with the daily average temperature (TC) and daily temperature range (TD) 
taken from the National Oceanic and Atmospheric Administration Central Park weather 
station.  
4.2.9 Soil Water Content Measurement 
 The soil water content (WC) was calculated using its relationship with the full SIP 
system weight presented as Equation [4-2]. 
𝑊𝐶 =   !!!!!!!"  !!!
!!!!!!!
         [4-2] 
 where the WC is the gravimetric water content (gh20/gsoil), MS+C is the mass of the 
substrate + SIP container (g), MOD S+C is the oven dry weight of the substrate + SIP 
container (g), and MC is the mass of the container (g).   
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 To determine MOD S+C, the weight and corresponding soil moisture of the substrate was 
determined after the experimental vine monitoring was completed. On 8/27/2014 three 
samples were cored from each SIP container to the full depth of the substrate and their 
water contents were measured following ASTM D2215-10. Using the average water 
content for each SIP, MS+C and MC, MOD S+C was calculated.  
 
4.3 Results & Discussion 
4.3.1 Survivorship & Species Evaluation 
A summary of the observed trial vine behavior is provided in Table 4-2. 
Table 4-2 The average leaf area indices of the experimental vines at the end of each growing season. 
Latin Name Common Name 
End of First Season 
LAI (8/5/2013) 
End of Second Season 
LAI (7/19/2014) 
Actinidia arguta 'Issai' Hardy Kiwi 0 0 
Apios americana American Groundnut 0 1.74 
Clematis texensis Gravetye Beauty  0.56 0 
Gelsemium sempervirens Carolina Jessamine 0.64 2.33 
Humulus lupulus  Golden Hops  0.23 0.72 
Parthenocissus quinquefolia Virginia Creeper  0.59 1.61 
Vitis labrusca  Concord Grape 1.16 1.22 
Wisteria frutescens American Wisteria 0.65 0 
 
The summer of 2013 and following winter had extreme temperature fluctuations, 
including 17 days where the air temperature exceeded 32.2° C (90° F) and 14 days where 
it dropped below -9.4° C (15° F). For the experimental canopies, being planted on a 
rooftop in small, uninsulated containers meant that the root zones were especially 
vulnerable to harsh conditions, resulting in the death of three of the eight studied species 
and complete foliar abscission of one species.  Following a heat wave, both beds of A. 
arguta plants completely died along with the above ground portion of the A. Americana, 
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which in harsh conditions stores all its energy in its roots to regrow the next year. While 
C. texensis and W. frutescens were strong performers the first summer, neither regained 
foliage the following spring, presumably due to the harsh winter. Both these plants are 
listed as amenable to USDA hardiness zones 5 to 9, which could indicate that the USDA 
Hardiness Zone rating of 6b for New York needs to be adjusted further downward for 
container plantings on roof top environments.  Of the surviving species, G. sempervirens 
(Zones 5 to 9) developed the densest canopy followed by P. quinquefolia (Zones 3B to 
10), V. labrusca (Zones 5 to 8), and H. lupulus (Zones 4 to 8), accordingly.  
While selecting a vine species in implementation is ultimately dependent on the 
specific application, some worthwhile considerations include maintenance, resiliency, 
productivity, and aesthetics. Dead biomass, such as fallen leaves, can be unsightly and 
hazardous, can clog drains, and is a maintenance consideration. Deciduous plants H. 
lupulus, V. labrusca, and P. quinquefolia produced considerable dead biomass at the end 
of each season, while G. sempervirens, an evergreen plant, produced very little. A 
resiliency consideration is the stiffness of the stem, as rigid stems are more vulnerable to 
breaking. While V. labrusca, and P. quinquefolia had rigid woody stems, G. 
sempervirens and H. lupulus had non-woody, flexible stems that are less likely to break 
under significant shock. The aesthetic and productivity considerations between the plants 
vary greatly, but the production of grapes from V. labrusca and hops from H. lupulus, 
and the aesthetic beauty from the evergreen canopy and prolific yellow flowers of G. 




4.3.2 Interception Quantity 
 A new model to describe the interception behavior of a basic horizontal canopy is put 
forth as Equation [4-3].  
𝐼 = 𝐿𝐴𝐼 ∗ 𝑈 ∗ 𝐿! + 𝐿𝐴𝐼 ∗ [C ∗ 1− 𝑒!!∗!! ]     [4-3] 
where I is total interception (mm), LAI is leaf area index (m2/m2), U is a coefficient of 
foliar water uptake (mm/LAI/hr), C is the maximum canopy storage (mm/LAI), S is the 
saturation curve coefficient (1/mm) and  𝐷! is the depth of the storm (mm). 
 The model includes the two plant mechanisms controlling interception; canopy 
storage, which is water that adheres to the surface of a vine leaf and is later evaporated, 
and foliar water uptake, which is water absorbed through the leaves and flows 
“backwards” through the twigs, branches and stems (Li et al 2014). 
 The contribution of canopy storage to interception is modeled with a saturation curve, 
allowing the total canopy storage to increase non-linearly with storm size. The maximum 
canopy storage is determined using the density of the canopy (LAI) and a water storage 
capacity per leaf unit area (C). The amount to which this maximum is reached depends on 
the depth of storm (𝐷!) and the saturation curve coefficient (S), an empirically derived 
fitting parameter. This form intends to accurately represent the variable rainfall 
partitioning of canopy storage and throughfall with storm size. In small events relatively 
little throughfall is generated as most of the rainfall is held in the plant canopy. As rain 
events increase, the saturation curve increases the fraction of rainfall that becomes 
throughfall, reaching a maximum canopy storage where nearly all of the excess rainfall 
becomes throughfall.  
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 The contribution of foliar water uptake, also known as foliar absorption, to the total to 
interception (I) is calculated with a constant rate of Foliar Water Uptake (U) per leaf unit 
area, the duration of the storm (𝐿!), and the Leaf Area Index (LAI) of the canopy. 
Although this uptake mechanism does not exist in every plant, it is common (for example 
it is exhibited by 80% of the dominant species of the redwood forest) (Limm et al 2009), 
and the importance of considering it in hydrological models is concluded by Breshears et 
al. (2008).  Nascent research suggests that the uptake rate can change with leaf age (Li et 
al 2014), water stress,  leaf structure, or water contact duration (Grammatikopoulos and 
Manetas 1994), however a comprehensive model has yet to be defined. It is thought that 
water probably refills leaf tissue first, a behavior which would be embedded in the 
canopy storage component, before excess water becomes ‘reverse sap flow’ (Burgess and 
Dawson 2004). The model presented as Equation [4-3] simplifies foliar uptake to act at a 
constant rate, with the total contribution to interception varying linearly with the amount 
of foliage and time available to uptake water.  
 The interception performance of the mature and experimental canopies as related to 
storm size and canopy density is presented in Figure 4-4 and 4-5. As shown, interception 
increases with storm size and canopy density.  
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Figure 4-4 Leaf unit interception for small [A] and all storm events [B] recorded during the 
monitoring period for both the trial vines and mature canopy along with the modeled performance 
 
Figure 4-5 Interception normalized for storm size for all storm events recorded during the 
monitoring period for both the trial vines and mature canopy along with the modeled performance 
 Values for the coefficients in Equation [4-3] are determined simultaneously by a 
multivariate analysis in the machine-learning program Eureqa V0.99.6. (Schmidt and 
Lipson 2009). The trial vine and mature canopy data are used together, resulting in a 
model fit with an R2 of 0.453 and a correlation coefficient of 0.660.  
 The Maximum Unit Canopy Storage (C) is determined to be 0.255 mm/LAI. A 
review of 10 published storage and LAI values showed a range from 0.14 to 0.8 mm/LAI 
with an average of 0.31 mm/LAI (Schumann and Tilley 2007). While storm size is not 
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reported in these studies, making a comparative analysis of the Canopy Storage 
Saturation Curve Coefficient (S) difficult, the value derived here is within the published 
range and appears to be reasonable.  
 The Foliar Water Uptake (U) is determined to be 0.0780 mm/LAI/hr. Although 
directly comparable published data is unavailable, Limm et al (2009) presented the foliar 
uptake for 10 species where leaves are cut and submerged in water for 3 hours. Using 
published data from this study, rates ranging from 0 to 0.0075 mm/LAI/hr and averaging 
at 0.0018 mm/LAI/hr are calculated, which are significantly lower than the rate 
determined here for the vine canopies. Other metrics used to evidence foliar uptake 
include change in plant water potential (Breshears et al 2008), reverse sap flow rate (Li et 
al 2014), and percentage of absorbed water (Grammatikopoulos and Manetas 1994). The 
relatively high rate of foliar uptake found in the vine canopies may be explained by the 
lack of truly comparative values, the form of analysis used, or data limitations that are 











4.3.3 Throughfall Quality 
 
Figure 4-6 Rain and throughfall acidity data for the mature vine canopy in addition to reported 
values for green and control roofs (Teemusk and Mander 2007) (Berghage et al 2009a) (Culligan et al 
2014b) and a forest canopy (Prankasa et al 1995).  
 Figure 4-6 presents the capacity of the mature Wisteria canopy to buffer acidic rain 
along with reported values for a forest in an undeveloped area (Prankasa et al 1995) and 
several green roof studies (Berghage et al., 2009; Teemusk & Mander, 2007; Culligan et 
al., 2014). As seen, the throughfall pH is consistently lower then the rain pH for the cine 
canopy. In general, green roofs appear to be more effective at neutralizing acid rain, as 
evidenced by three studies.  Compared to the one forest canopy measurement available, 





 Evapotranspiration rates are impacted by soil moisture availability, plant species 
characteristics and the amount of foliage, as well as the ambient weather conditions, 
which are commonly modeled as soil moisture extraction functions, crop factors, and 
potential evapotranspiration, accordingly (Allen et al 1998).  The general relationship is 
written as Equation [4-4].  
𝐸𝑇 =   𝑓 p ∗   𝑓 θ ∗   ET!        [4-4] 
Where 𝐸𝑇 is evapotranspiration (mm/day), 𝑓 p ) is a function of the plant characteristics, 
𝑓(θ) is the plants soil moisture extraction function and ET! is the potential 
evapotranspiration (mm/day).  
4.3.4.1 Function of Characteristics, 𝑓 𝑝  
 The evapotranspiration data of the experimental canopies for the 31-day non-water 
limited trial period are shown in Figure 4-7.  
71	  
 
Figure 4-7 Non-water limited evapotranspiration behavior of the trial vines.    
 The most common way to account for the evapotranspirative capacity of a certain 
crop is with the crop coefficient (Kc), a dimensionless parameter that describes the ratio 
of ET in the observed crop to that of a well-calibrated reference crop under the same 
conditions. While some ET models consider the fact that the crop coefficient can change 
throughout each season, the crop coefficient does not directly take foliage density or 
seasonal variability into account. More complex ET models incorporate the impact of 
vegetation density on plant transpiration, accounting for the fact that as vegetation 
density increases, the relative rise in transpiration decreases because less energy is 
available to each unit of leaf area. The form of the relationship between vegetation 
density and ET has been presented as linear (Eagleson 1978), power based (Al-Kaisi et al 
1989), and exponential (Al-Khafaf et al 1978).  
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 For each species, the plant evapotranspiration and canopy density data is fit with a 
linear relationship (average R2 of 0.237) (Eagleson 1978), and an exponential relationship 
(average R2 of 0.341). The exponential relationship ultimately used is based on the work 
presented by Al-Khafaf et al (1978), but differs in its inclusion of a crop coefficient and 
is introduced as Equation [4-5].  
𝑓 p = 𝐾!" ∗   (1− 𝑒!!!"∗!"#)       [4-5] 
Where 𝑓 p  is the function of the plant characteristics, 𝐾!" is the crop coefficient of a 
mature canopy, 𝐶!"  is the canopy saturation coefficient, and LAI is the leaf area index. 
 This form allows the evapotranspiration to increase with increasing canopy density 
(LAI), according to an exponential saturation curve with an empirically derived fitting 
parameter (𝐶!"), with a maximum evapotranspiration for a mature canopy mature canopy 
(𝐾!"). The values for the crop canopy and the canopy saturation coefficients, along with 
the coefficient of determination (R2) and the correlation coefficient (R), are derived by 
best-fit practices and are presented in Table 4-3. 
Table 4-3 Summary of coefficients and their accuracy for the function of plant physiology on 
transpiration. 
Common Name 𝑲𝑪𝑴 𝑪𝑺𝑪 R2 R 
Concord Grape 0.2374 3.391 0.531 0.769 
Carolina Jessamine 0.3788 0.8646 0.263 0.552 
Virginia Creeper  0.466 1.164 0.236 0.175 
Golden Hops  0.26 2.27 0.152 0.450 
American Groundnut 0.5078 1.366 0.534 0.761 
 
4.3.4.2. Soil Moisture Extraction Function, 𝑓(𝜃)    
The evapotranspiration data of the experimental canopies for the 11-day water 
limited trial period are shown in Figure 4-8. 
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Figure 4-8 Parameterization based on Holmes and Robertson (1959) for four vine species and the 
actual evapotranspiration normalized to the potential evapotranspiration and plant physiology as it 
relates to the substrate moisture content.  
 The relationship between plant transpiration performance and soil moisture can be 
conceptually split into water limited and non-water limited states (Zhao et al 2013). In a 
non-water limited state, the plant has access to excessive water, and its performance is 
limited by incoming energy. In the water-limited state, plant transpiration reduces with 
decreasing soil moisture. Many Soil Moisture Extraction Functions  𝑓(θ), which are 
presented and reviewed in Zhao et al. (2013), have been proposed to model this behavior. 
The most common methods use field capacity (θ!"), critical moisture content (θ!"), and 
wilting point (θ!") to parameterize 𝑓(θ). Field capacity is strictly a function of the 
substrate and defines its ability to hold water against normal gravitational forces, and is 
very simple to measure. The critical moisture content (θ!") is the point at which a plant 
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transitions between energy and water-limited states and can vary between plants due to 
differences in physiological adaptions. Finally, the wilting point (θ!") is the lower limit 
of soil water available to plants (historically measured in situ when an actual plant would 
undergo irreversible wilting). The wilting point is commonly taken to be the water 
content at a -1.5MPa matric potential, which, while convenient, is misleading as some 
plants can absorb water at much lower soil potentials (up to -6MPa) (Salisbury and Ross 
1978). Because θ!" requires a high capacity pressure plate and does not necessary reflect 
individual plant behavior it is not considered ideal for this analysis. 
 This study uses the relationship first presented in Holmes and Robertson (1959) 
because of its ability to accommodate a range of behaviors and absence of the use of 
wilting point (θ!") and is presented as Equation [4-6]. 
𝑓 θ =   min 1, !(!)
!!"
!
          [4-6] 
where 𝑓 θ  is the function of soil moisture on evapotranspiration, θ(t) is the gravimetric 
water content, and θ!" is the critical moisture content. 
 Using best-fit practices the critical moisture content values are determined from the 
rundown trials and are presented in Table 4-4 and shown graphically in Figure 4-8. 
Table 4-4 Summary of coefficients and their accuracy for the function of substrate moisture on 
transpiration. 
Plant θ!" R2 
Correlation 
Coefficient 
Grape 0.4432 0.957 0.981 
Jessamine 0.3388 0.494 0.862 
Creeper 0.4651 0.830 0.914 
Hops 0.8929 0.0795 0.346 
Groundnut 0.4049 0.891 0.947 
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 Marked as different symbols in Figure 4-8, each of the duplicate plants agree well 
with the other. At the time these trials took place, the foliage of the hops had largely 
abscessed preventing its accurate analysis, as seen by its weak R2.   
4.3.5 Potential Contribution Stormwater Management 
 The contributions of vine interception and evapotranspiration are incorporated 
together in a vine water balance model, which is applied to 40 years of historical data to 
evaluate the potential of a horizontal vine canopy to retain stormwater in New York City. 
Water balance models have often been used to estimate green infrastructure performance 
(Berthier et al 2011; Hardin et al 2012; Jarrett et al 2007) and have shown to be effective 
for predicting the performance of extensive green roof systems (Carson 2014). 
Environmental data collected between 1971 and 2010, maintained by the NOAA National 
Climatic Data Center (ncdc.noaa.gov), are obtained from the Belvedere Castle weather 
station in Central Park, NYC. These data are parsed into storm events using the	  common 
standard of separating events by 6-hour dry periods as previously used by VanWoert et al 
(2005), Getter et al (2007), Berghage et al (2009), Voyde et al (2010), and Stovin et al 
(2012), amongst others. For each storm event, the rainfall depth, antecedent dry weather 
period (ADWP), and potential evapotranspiration (ET0) is determined.   
 The vine water balance model calculates the runoff as the difference between the 
rainfall depth and the storage credited to interception and evapotranspiration (ET). The 
contribution of interception is determined with Equation [4-3] using the coefficients 
determined in Section 4.3.2 and historical rainfall depths. The water balance model 
assumes that stormwater not intercepted is then stored in a reservoir and made available 
for evapotranspiration between storm events. As this study is evaluating the maximum 
76	  
potential ability of horizontal canopies to manage stormwater, a deep reservoir (45mm 
per unit of canopy area) is used, allowing vines to primarily function in a non-water 
limited state. The storage created by evapotranspiration is calculated using Equation [4-4] 
with the historical ADWPs, ET0, and the coefficients developed for G. sempervirens in 
Section 4.3.4.  These models are then used to determine the individual contributions and 
cumulative stormwater retention for a range of canopy densities and storm sizes (Figure 
4-9). To contextualize the stormwater retention of the vine canopy, the modeled 
performance of an extensive green roof, specifically roof “W118” from Carson et al 
(2013), is also included.  
Figure 4-9 Modeled annual % retention as separated by the contributions of evapotranspiration and 
interception as it varies with canopy density [A] and storm event size [B] (with a LAI of 5). Reference 
values are of an extensive green roof (Carson et al 2013) are given. 
 Figure 4-9 shows both interception and ET to significantly contribute to the 
stormwater retention performance of the vine canopy. The total annual percent retention 
is between 40% and 45% for a mature canopy (LAI 5 to 7), making it slightly less 
effective then that of the “W118” extensive green roof shown.  
 Figure 4-9A shows the total percent retention of the vine canopy to increase with 
canopy density, with a relatively larger contribution of interception in denser canopies. 
77	  
This can be explained by the saturation curve used to estimate ET; after a LAI of 4 the 
maximum ET capacity is approached, nonetheless, additional canopy density continues to 
contribute to stormwater retention via interception.  Figure 4-9B shows the modeled 
percent retention of a mature canopy (assumed to have a LAI of 5) to decrease with 
increasing storm event size, with the relative contribution of interception being more 
significant in larger storm event sizes. The proportional increase in interception could be 
due to larger storms more fully saturating the canopy and offering longer durations for 
foliar water uptake.  
 
4.4 Limitations of Study 
 The structure of a vine’s leaves, stems, and trunk draw rainfall to low points of 
the plant’s morphology, making the throughfall distribution under the canopy spatially 
heterogeneous (He et al 2014).  While the experimental canopies eschewed this problem 
by capturing throughfall under the entire canopy, the problem of throughfall 
heterogeneity is evident in the mature canopy, where data are collected using several 
smaller sampling locations. At higher rainfall depths this led to a significant spread of 
measurements, as the homogeneous contribution of canopy storage became 
overshadowed by the larger heterogeneous contribution of throughfall. As seen in Figure 
4-5, the four storms above about 30 mm in depth (totaling 10 measurements) display a 
wide range of interception values. The negative interception values occurred when the 
depth of throughfall at the under-canopy sampling locations exceeded the depth of 
rainfall collected in the open. As a result, the interception measurements for the larger 
storms, which could reflect both over-estimation and under-estimation of total canopy 
interception, are somewhat uncertain. 
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  The uncertainty introduced by heterogeneous throughfall and the lack of large storm 
data in experimental canopies can possibly explain the apparent inaccuracy of U. While it 
cannot be known which way the data for these large storms might be skewed, the 
unusually high value of U suggests that the throughfall measurements may have over 
estimated interception on average, meaning the stem flow is generally leading water 
away from the sampling locations. Another source of error in calculating U is introduced 
by determining the length of the storm (𝐿!) with the storm size and an assumed constant 
intensity of 2.3 mm/hr (using a 24 hour storm with 2-year return period from NYC DEP, 
2008).  
 A more general limitation of the interception analysis is that it did not differentiate 
between species of vine canopies. It has been shown that canopy storage and foliar water 
uptake vary between plants (Limm et al 2009), thus future work should develop species 
specific interception coefficients. Additionally, this study does not take wind speed into 
account, which is shown by (Connelly et al 2012) to impact interception. 
4.5 Conclusion   
 The work presented offers a significant advancement toward practically incorporating 
vines into green infrastructure and accurately modeling their hydrologic behavior.  The 
evaluation of several promising vines in containers on a NYC rooftop with its harsh 
weather provides valuable information on species suitability. The experimental data on 
the hydraulic behavior of emerging and mature vine canopies improves understanding of 
the role that vines may play in LID, showing them to be slightly less effective then 
extensive green roofs. Through the creation of process-based models, aided by machine 
learning and a synthesis of previous research, this study is able to evaluate the soundness 
79	  
of two novel, physically rational, forms to explain plant hydrology. Further, many of the 
measurement techniques and experimental methods are developed to produce a data set 
capable of filling in the coefficients for process-based models.  
 It is the authors’ hope that this work helps to lay the groundwork for designing next 
generation of green infrastructure with vines. The parameterized plant behavior models 
and coefficients presented here could be used in modeling long-term stormwater 
attenuation, akin to Carson (2014) where a similar parameterized plant behavior model of 
sedum is used to accurately (NSI of 0.955) predict the volumetric rainfall capture of a 
sedum green roof. The general interception model presented here could be made more 
accurate by determining plant specific coefficients through more long-term data 
collection. In addition, multi-year data of the canopies could help to better understand the 
impact of seasonality in the transpiration function of plant physiology, which is not taken 
directly into account in this study. Physically, the design of the trellis and storage 
potential in the substrate offer areas of exploration in creating effective rainwater 
capturing vine systems, including exploring designs and materials that would encourage 



















For green infrastructure to be effective it must be distributed and commonplace, 
and, in turn, must be designed for the social, environmental, and physical cityscape. It 
must accommodate multiple uses, exploit unfilled voids, and make economic sense. In 
order to undertake planning and create policy that reflects the true value of distributed 
green infrastructure systems, obtaining accurate performance data is critical. The research 
contained in Chapters 2 to 4 of this dissertation aimed to help fill voids in a growing body 
of research to advance the integration of cost effective, data based, and accessible green 
infrastructure into urban landscapes.  
This work has led to several contributions towards the informed use of urban 
green infrastructure systems such as improving models of existing green roof systems, 
identifying critical design features for enhancing street tree-pit infiltration, and exploring 
a novel vine canopy system for stormwater management; as summarized here. 
 
Chapter 2: Green Roof Seasonal Variation: Hydrologic Behavior of Thick and Thin 
Extensive Systems in New York City 
Prior research on the seasonal variation of extensive systems existed on a rough 
temporal resolution, separating the year into two to four time periods. Furthermore, 
studies that have included a seasonal analysis, for the most part, have not separated the 
climatic factors that influence the stormwater runoff retention, potentially masking 
seasonal trends. Specifically, the analysis of potential evapotranspiration (ET0) storm 
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event size and antecedent dry weather periods (ADWP) with season has been limited 
(Carson et al. 2013; Poë et al 2015). Responding to this need, the research in Chapter 2 
provided an in-depth analysis of how ET0, ADWP, and storm size relate to performance 
individually, and how these variables together could modify existing empirical models to 
better account for seasonal variation in green roof runoff trends. 
 The size and strength of the dataset allowed for a more robust multivariate 
analysis than in prior studies. Rainfall, runoff, and environmental data were collected 
over four years from two full-scale green roofs, resulting in 503 storm events considered 
suitable for analysis. Monitoring full-scale roofs has advantages over the more common 
pilot-scale studies. In particular, scaling issues of drainage path length were avoided and 
the inclusion of non-vegetated regions (an integral part of full-scale roofs to meet 
building codes) provided realistic field behavior.  Additionally, the investigation of a 
thick (100 mm) and thin (31 mm) system allowed for a comparative analysis of how 
green roof substrate depth impacted performance variability.  
Finding the stormwater retention to be highest in the summer and lowest in the 
winter, as presented in Chapter 2, corroborates previous studies (Uhl & Schiedt 2008; 
Kaufmann 1999; Liesecke 2002; Carson et al. 2013). Investigation into the individual 
climatic factors revealed several behavioral traits: seasonal variation is greater in storms 
over 10 mm and longer antecedent dry weather periods, and potential evapotranspiration 
was a better indicator of differing performance then seasonal separation. Most notably, 
this analysis reveals significant seasonal variation of the thinner roof and relatively 
consistent, annual behavior of the thicker roof. Modeling these factors simultaneously 
also supported these initial findings, while offering greater insight into their impact. 
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The two empirical models that used climatic factors and Julian day, separately, to 
account for seasonal variability, performed better than their non-seasonal counterpart and 
a physically based, water-balance model with seasonal parameters. Specifically, 
accounting with climactic factors to improve the empirical model R2 from 0.944 to 0.975 
for the thin roof and from 0.866 to 0.870 for the thick roof. This finding both 
demonstrates the value of empirical modeling and conveys a need for a more 
encompassing physical model. 
By revealing a difference between the seasonal behavior of thick and thin systems 
and demonstrating the ability of seasonal variables to improve runoff modeling, Chapter 
2 advances understanding of extensive green roof behavior and modeling. Additionally, 
the work further highlights the importance of substrate depth in designing effective green 
roofs; not only do deeper roofs retain more water in individual storms, but their 
performance appears to be more consistent year-round. 
 
Chapter 3: Infiltration Capability in Existing Tree Pits: The Influence of Various Surface 
Treatments 
Chapter 3 offers a significant contribution to the nascent body of research 
surrounding the hydrologic performance of street trees. Most research has focused on the 
ability of street trees to intercept stormwater, using generalized software such iTree and 
STRATUM (Mullaney et al 2015).	  While the ability of the tree pit surface to convey 
water underground is often overlooked, one master’s thesis measured the infiltration 
capacity of many types of impervious surfaces in the urban landscape, including tree pits 
with and without guards (Alizadehtazi 2012). This work identified a significantly faster 
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infiltration rate in guarded pits, and significant differences in behaviors observed in 
individual unguarded pits. Chapter 3 corroborates and builds off of these findings, 
investigating the impact that a guard and other physical features have on the stormwater 
infiltration potential of urban tree-pits.  
Introduced in Section 3.2.2, an atypical measure of a soils ability to allow water to 
permeate, termed the Infiltration Ratio (IR), allows the results of this study to be more 
generalized. The IR normalizes the infiltration rate to the soils intrinsic ability to convey 
water, resulting in a unitless measure related to the soils in situ structure. In addition, a 
novel infiltration-sampling scheme was introduced in Section 3.2.2 and analyzed for 
suitability. The variability within each pit was found to be significantly small compared 
to the variability between the pits, validating that the four systematically chosen sampling 
points were an adequate representation of the overall pit. The IR and sampling 
methodology for infiltration rate are valuable contributions for future researchers. 
A novel model capable of predicting the IR from physical features was then 
presented. The model performed fairly well, with an R2 of 0.652 and proved to be more 
effective than using a penetrometer to estimate the infiltration ratio, with an R2 of 0.424. 
The model used six features, all of which are metrics recorded by the New York City 
Street Tree Census, except for pit surface area. As pit surface area was found to be one of 
the more significant factors, it is important that it is considered in future studies and 
censuses. In addition to being a valuable tool, this model offers insight into best 
management practices for street trees. 
 The most beneficial feature with respect to tree-pit Infiltration Ratio was found to 
be the presence of a guard, corroborating findings of Alizadehtazi (2012). Second in 
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importance was the size of the sidewalk opening, especially in guarded pits, with larger 
pits having a greater IR. Thus, large guarded pits appear to offer the best infiltration 
performance; aside from the direct benefit of having more area to accept water, the 
substrate was more effective on a unit area basis at conveying water underground.  
Street trees are already abundant in the urban environment and offer strong social, 
public health, and economic benefits, making them an ideal type of urban vegetation to 
leverage for stormwater management. Simple design features, such as adding a guard and 
increasing size were found to significantly improve their Infiltration Ratio, offering a 
“low-hanging fruit” to improve urban hydrology. Chapter 3 makes an important 
contribution to existing literature by presenting new data on the ability of tree pits to 
allow water to infiltrate, introducing a valuable metric to account for the soil structure, 
and developing a model to estimate infiltration ratio. 
 
Chapter 4: The Suitability and Capacity of Vine Canopies in Managing Storm Water  
 
 Similar to street trees, the hydrologic capacity of vine canopies has been the 
subject of recent, although limited, research. Overall, the study of vines as infrastructure 
has focused on their ability to reduce cooling loads, air pollution, noise pollution, and 
stormwater runoff, and provide habitat (Pérez et al 2014; Litschke et al 2008; Pugh et al 
2012; Ismail 2013;Van Renterghem et al 2013; Madre et al 2015). Reports on the 
hydrologic behavior of vine systems have been confined to vertical and angled canopies 
(Connelly et al 2012; Schumann and Tilley 2007). While these studies demonstrated the 
ability of vines to capture stormwater, they included the confounding variables of canopy 
slope and interactions with the building surface. Chapter 4 responded to this deficiency 
and focused on obtaining the plant parameters and behavioral models necessary to design 
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vine canopy systems with predictable hydrologic behavior. In pursuing this goal, novel 
experimental methods were introduced, plant survivorship was evaluated, models 
describing stormwater capture were presented, and useful plant transpiration metrics were 
made accessible.  
 The investigation involved sixteen test beds on a NYC rooftop and a mature vine 
canopy in Central Park, with both sites utilizing novel measurement techniques. The test 
beds were designed to support the vine canopy, catch throughfall (to measure canopy 
interception), and facilitate the measurement of leaf area index. The vines were grown in 
a specially designed system, introduced in Section 4.2.3, consisting of a reservoir, water 
inlet, substrate, and an impermeable cover, which allowed for experimental advantages. 
First, the plastic top covering the substrate ensured that all water leaving the system 
transpired through plants. Second, the complicating variable of soil moisture would 
remain constant if water was present in the reservoir. Finally, a measurement window to 
view the reservoir depth provided a simple way to monitor plant water use.  
Contemporary measurements for evapotranspiration are often made with 
expensive equipment; indirectly measuring ET using weighing lysimeter systems 
(Ouldboukhitine et al 2012; Digiovanni et al 2013; Wadzuk et al 2013) or directly 
measuring the water vapor flux with a dynamic chamber and gas/water vapor sensor 
(Marasco et al 2014). The method for measuring ET introduced here, when appropriate, 
offers advantages over contemporary methods in that it is direct, inexpensive, consistent 
with temperature, and does not require recalibration. As a complete system, the test bed 
set-up offers investigators a method to collect a suite of behavioral metrics on vine 
canopies in a simple, effective, and low cost way. 
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In populating the test beds with vine canopies over a 27-month period, a variety 
of species were evaluated for their ability to flourish under harsh rooftop conditions, 
retain stormwater, and return water to the atmosphere via transpiration. Monitoring 
results indicated that four of the vines species, G. sempervirens, P. quinquefolia, V. 
labrusca, and H. lupulus, could be viable as a component of green infrastructure. In 
comparing species survivorship and environmental performance, G. sempervirens 
showed the most promising environmental and practical characteristics. Additionally, 
data was presented on the ability of a vine canopy to neutralize acid rain, which while 
less impactful then green roofs, is significant.  
A new physically based model to describe the interception behavior of a basic 
horizontal canopy was put forth as Equation [4-3]. The model parameterizes the 
interception performance of a canopy based on its density, storage capacity per leaf unit 
area, and rate of foliar water uptake per leaf unit area. The derived maximum canopy 
storage of 0.255 mm/LAI corroborated findings of earlier studies that have found storage 
to vary from 0.14 to 0.8 mm/LAI (Schumann and Tilley 2007). The rate of foliar water 
uptake determined to be 0.0780 mm/LAI/hr, appeared to be high compared to the limited 
research in this area.  
Plant evapotranspiration models relating the plant ET to canopy thickness and soil 
moisture were then presented. First, the non-water limited evapotranspirative capacity 
was accounted for by introducing a novel form, modified from Al-Khafaf et al (1978). 
This modified form allows the evapotranspiration to increase with canopy density 
following a saturation curve. A second model related ET performance to soil moisture. 
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For all viable vine species, the empirically derived coefficients for these two models are 
presented in Section 4.3.4. 
 The interception and evapotranspiration models were then applied to 40 years of 
historical data in a water-balance model to evaluate the potential stormwater retention 
capacity of a G. sempervirens canopy. The results showed both interception and ET to 
significantly contribute to the stormwater retention performance of the vine canopy and 
the total percent retention to be between 40% and 45% for a mature canopy (LAI 5-7). 
While significant, the stormwater retention performance was shown to be slightly less 
effective then an extensive green roof in the same climate. 
The results presented in Chapter 4 advance the practical incorporation of vines as 
vegetated infrastructure by offering valuable information on species suitability, providing 
plant transpiration behavior metrics, and modeling of their stormwater capture. 
Furthermore, the measurement techniques and experimental methods developed here are 



















Chapter 6  
 
Proposed Avenues of Future Research 
 
With the current social-political climate, technological advances and expanding 
knowledge of ecological systems, an opportunity to make an impact is realizable. 
Problems of air and water quality, food security, and temperature regulation can be 
addressed with engineered ecological systems, where future research will play a vital 
role.    
The research presented in this dissertation on the ability of extensive green roofs, 
street trees, and vine canopies to improve stormwater management significantly advances 
knowledge of new, urban ecological infrastructure and better quantifies existing systems. 
These findings provide the foundation for potential applications and raise further 
questions. The following sections offer potential avenues for future research to help meet 
the larger goal of leveraging ecological systems to address current challenges related to 
urban sustainability and resilience. 
 
Seasonal Variation in Stormwater Retention with Extensive Green Roof System Type and 
Substrate Depth 
Results presented in Chapter 2 indicate a significant difference in the seasonal 
variation in stormwater runoff retention between two depths of extensive green roofs. 
While offering a valuable comparison, the use of only two designs in this study, compels 
the exploration of the seasonal variation in stormwater retention associated with other 
substrate depths and other types of extensive green roofs.  
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Chapter 2 looks at extensive systems on the lower end (31mm) and higher end 
(100mm) of substrate depths typically used for extensive green roofs, with the deeper 
system showing generally consistent year-round performance. Including incremental 
depths between 30 mm and 150 mm would provide insight into the relationship between 
substrate depth and seasonal variance, potentially valuable in optimizing depth for more 
consistent year-round stormwater retention. Both extensive green roofs examined in 
Chapter 2 were homogeneous mat systems. Another common type of extensive green 
roof is comprised of modular trays. Modular tray systems have been recorded to have 
different hydrologic behavior, presumably due to more rigid flow paths (Culligan et al 
2014). Extending the study of seasonal variance to include extensive tray systems would 
also provide a valuable comparison. Overall, applying the same methods described in 
Chapter 2 to a wider range of depths and system types would help advance understanding 
of their relation to seasonal variance in stormwater retention performance and, in-turn, 
support the creation of an accurate, generally applicable model.  
Rehabilitating the Infiltration Ratio in Compacted Tree Pits 
In Chapter 3, physical features in existing tree pits were found to relate to the pits' 
Infiltration Ratio. While valuable, this result begs the question: Can these treatments be 
used to improve the infiltration rate of an existing pit? A valuable line of research would 
investigate this question, looking at various treatments and determining the improvement 
in the Infiltration Ratio over time. As a guard was found to be the most beneficial factor, 
the study would focus on the variation in rehabilitative treatments (changes in size and 
types of ground cover) in newly guarded pits. 
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A shortcoming of the research presented in Chapter 3, was the simplistic manner 
in which vegetation was accounted for. Previous research has shown vegetated surface to 
have more consistent infiltration rates, recover infiltration capacity, and vary between 
species (Mytton, Cresswell, & Colbourne, 1993; Alizadehtazi, 2012). In evaluating the 
rehabilitative treatments, more representative metrics of plant cover would include below 
ground biomass, percent coverage, duration that cover has been present, and plant 
species. 
Another important component for continued research on the tree pit Infiltration 
Ratio would be to determine appropriate performance envelopes. Researching the typical 
amount of inflow into tree pits would help to define the demand on the soil surface to 
infiltrate water, and put measured values into context.  
 
Further Investigation of the Behavior of Gelsemium sempervirens (Carolina Jessamine) 
Out of eight vine species tested in Chapter 4, G. sempervirens showed superior 
environmental and practical characteristics. Throughout the growing season it had the 
highest interception of rain and developed the densest canopy.  In a drought trial, its 
canopy was the least damaged and it showed the lowest critical soil moisture (the soil 
moisture below which evapotranspiration is impaired). Structurally, the flexible stem can 
accommodate significant shock without breaking, and the evergreen canopy’s prolific 
yellow flowers contribute to a high aesthetic appeal. A valuable line of research would 
gather environmental and physiological data on this plant to better define its potential 
environmental performance. 
 Using the experimental set up introduced in Chapter 4, G. sempervirens would be 
planted in all test plots and pruned to a range of canopy densities, as measured by Leaf 
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Area Index. The measurements of environmental performance would be capacity to 
buffer acid rain (PH), stormwater capture, and plant transpiration, measured following the 
protocol developed in this dissertation. Additionally, measurements of fine particulate 
matter removal (PM 2.5) and temperature reduction would offer further insight into their 
environmental performance. This data would be complimented by physiological data, 
including Leaf Area Index, stomatal and hydraulic conductance, and photosynthetic 
response curves.  
This suite of measurements would provide valuable empirical insight into the 
capacity of this species to perform ecological services and to understand what conditions 
limit those services. The environmental performance behavior should be explained by the 
plant’s physiological data. For example, the reduction in evapotranspiration related to 
decreasing soil moisture observed in drought trials may be better understood by 
observations of stomatal conductance.  
 
High Performance Integrated Vine Canopy System 
The structure of vines, with concentrated roots and sprawling foliage, allows them to 
occupy a range of forms and sizes. Based on the research presented in Chapter 4, a team of 
Columbia students was led in developing a vine-trellis-reservoir system for an Environmental 
Protection Agency (EPA) Rainworks Challenge proposal. While the system was modeled to 
perform well, it has yet to be physically tested. 
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Figure 6-1 Graphic from EPA Rainworks proposal  (http://engineering.columbia.edu/its-raining-
innovation) 
The principle of the vine-catchment-storage system would be to use the biological 
activity of the vine with engineered systems to maximize intercepted water, structural 
integrity, and drought tolerance. During rainfall, the foliage-trellis would be designed to 
maximize stem flow, conveying water to a reservoir that would sit below the substrate. 
Using SARET (Basinger et al 2010), a rainwater harvesting reliability model based on 
historical rainfall data and plant behavior data derived in Chapter 4, the catchment area 
and reservoir could be sized to collect and store enough water such that no external 
irrigation will be needed with predefined reliability. Through capillary action, the 
reservoir could keep the substrate at consistent soil moisture allowing the vines to 
transpire in a non-water limited state. 
 The testing procedure from the vine trials could be modified in the future to use 
acoustic sensors for recording a time series of the height of water in the reservoir and 
throughfall containers. With these hydrographs, the reduction of peak flow and total 
water retained could be calculated and used to compare it to other storm water 
management BMPs. As an engineered system it is designed to capture as much water as 
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possible and expected to surpass stem-flow generated by street trees and storage 
contained by contemporary green roofs. 
The development of a stormwater management system that is compatible with 
other uses and is easily layered atop existing infrastructure would be unique. On ground 
level, this type of system could offer an alternative to street trees with better storm water 
management and without the risk of falling branches. On roofs, the loading pattern would 
make it more amenable to sensitive structures. This system could provide an ecological 
service along with enhancing the aesthetics and social value of spaces. 
Designing Composite Vegetative Systems 
The work presented in Chapters 2, 3, and 4 looked at the performance of different 
systems individually. In many cases it would be possible to include more than one 
vegetative system on a single site. An important step in supporting a more inclusive 
design is to research how multiple vegetation systems interact and their capacity to work 
together.  
 One aspect of this study would include identifying reoccurring potential niches in 
the urban environment. For each niche, the structural, social, and environmental goals 
and limitations would need to be identified. The research would then identify criteria for 
the unique placement of individual systems and the potential for mutually beneficial 
interactions. Building models of the resultant hydrologic behavior would help in creating 
a better tool kit for designers. 
The comparative capacity of engineered and natural systems in distributed storm water 
management 
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While vegetation offers many co-benefits alongside its ability to capture 
stormwater, an interesting and useful line of research would examine the difference in 
hydrological performance between vegetated systems and non-living engineered systems. 
Quantifying the behavior of the vegetation compared to engineered materials with similar 
performance goals would help better define the potential role of each in distributed 
stormwater management. 
 Research into these comparisons could further reveal engineering controls and 
materials capable of optimizing the performance of ecological processes. Specifically, 
passive architecture strategies, engineered substrates, and smart system designs could be 
combined with behavioral models to create systems that are able to improve the efficacy 
and applications of ecological processes in the built environment. Potential examples 
include using a smart reservoir system to keep plants at optimal evapotranspirative rates 
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